The origin of chromitites in the Bushveld Complex has been attributed to two principal mechanisms:
INTRODUCTION
Interpretation of the origin of massive chromitites (60-90 vol. % chromite) in layered intrusions has now become more contentious than ever before. Over several decades, it has been widely believed that massive chromitites are the result of crystallization of magma that was saturated in chromite alone. The chromite was supposed to crystallize throughout the entire magma chamber with subsequent gravity-induced settling and accumulation as chromitite layers on the chamber floor.
Various mechanisms were considered for the formation of magmas purely saturated in chromite within crustal chambers. Among these are the following: (1) mixing of resident magma and granitic melts derived from fusible country rocks (Irvine, 1975; Kinnaird et al., 2002; Marques et al., 2003; Spandler et al., 2005) ; (2) mixing of differentiated resident melt with primitive magma (Irvine, 1977; Campbell & Murck, 1993) ; (3) mixing of ultramafic (U-type) magma, parental to the ultramafic parts of layered intrusions, with anorthositic (A-type) magma, parental to anorthosites Irvine & Sharpe, 1986) ; (4) an increase in total pressure caused by either deformation of the magma chamber (Cameron, 1977 (Cameron, , 1980 (Cameron, , 1982 , nucleation, ascent and expansion of gas bubbles (Lipin, 1993) or the emplacement of a new pulse of magma (Cawthorn, 2005 (Cawthorn, , 2011 ; (5) an increase in fO 2 of the magma within the chamber through chemical or physical processes such as the release of gas pressure, differential diffusion of H 2 , loss of gases by diffusion, etc. (Cameron & Desborough, 1969; Ulmer, 1969) ; (6) absorption of water by the magma (e.g. Nicholson & Mathez, 1991; Prendergast, 2008) ; (7) earthquakes with associated shock waves (Cawthorn, 2015) .
The validity of the above models has been, however, recently questioned on various grounds (e.g. Eales, 2000; Mondal & Mathez, 2007; Maier & Barnes, 2008; Voordouw et al., 2009; Eales & Costin, 2012; Maier et al., 2013; Lesher et al., 2014 Lesher et al., , 2016 Mungall et al., 2016) . A principally new class of models has been developed, which essentially deny the necessity of chromite-saturated magmas for the origin of massive chromitites. Instead, these models emphasize the crucial role of crystal-rich slurries, which were either formed directly in shallow-level chambers (e.g. Maier & Barnes, 2008; Maier et al., 2013) or brought into them from deep-seated staging chambers (e.g. Eales, 2000; Mondal & Mathez, 2007; Voordouw et al., 2009; Eales & Costin, 2012; Mungall et al., 2016) . The models involving crystal-rich slurries, which consist of predominantly silicate phases with minor chromite, propose that chromitite layers are produced either by separation of heavy chromite from lighter silicate minerals during crystal settling (e.g. Eales, 2000; Eales & Costin, 2012) or by downwards percolation of small and dense chromite grains through interstitial spaces between large crystals of silicate phases (e.g. Mondal & Mathez, 2007; Maier et al., 2013; Mungall et al., 2016) . The crystal slurry ideas have become increasingly more popular and appear to derive support from recent volcanological studies, which portray crustal magma chambers as being almost entirely composed of crystal-rich mushes with a small amount of interstitial liquid (e.g. Cashman et al., 2017; .
We have undertaken a critical evaluation and test of these two contrasting explanations for the origin of stratiform chromitites on the basis of their relationships with their immediately underlying (footwall) and overlying (hanging-wall) cumulates in the Bushveld Complex, South Africa. We show that both approaches have serious problems in explaining chromitite petrogenesis and, as a way forward, attempt to propose an original solution to this long-standing petrological problem. This study also suggests that rigorous testing of the competing hypotheses does not require sophisticated or expensive laboratory techniques, but can be effectively accomplished by inferences based on incontrovertible field relationships.
THE BUSHVELD COMPLEX AND ITS CHROMITITES
The Bushveld Complex is the largest mafic-ultramafic layered intrusion on Earth and encompasses about a million cubic kilometres of igneous rocks that were emplaced into the upper crust 2Á05 billion years ago as part of a major intracontinental magmatic event. The complex itself and its many world-class ore deposits have been described in numerous publications (Wagner, 1929; Hall, 1932; Wager & Brown, 1968; Eales & Cawthorn, 1996; Lee, 1996; Mondal & Mathez, 2007; Naldrett et al., 2011 Naldrett et al., , 2012 Maier et al., 2013; Junge et al., 2014) . The complex is composed of several parts, the western, eastern and northern lobes being the largest, and is subdivided stratigraphically into five major units-the Marginal, Lower, Critical, Main, and Upper Zones, which comprise a total thickness of about 7-9 km (Fig. 1) . It is believed to be so enormously voluminous because it grew incrementally by the successive emplacement of many separate pulses of magma of differing volumes and compositions (e.g. Eales et al., 1990; Kruger, 2005) . Geologically, the replenishment of the chamber by new magmas is recorded by angular unconformities between different stratigraphic units and separate layers of the Bushveld Complex (e.g. Vermaak, 1976; Kruger & Marsh, 1985; Campbell, 1986; Eales et al., 1988; Viring & Cowell, 1999; Smith et al., 2003; Cawthorn et al., 2005) . Chemically, the magma replenishments are evident from sharp regressions in the crystallization sequence and substantial changes in mineral and whole-rock compositions and isotopic ratios (e.g. Kruger & Marsh, 1985; Naldrett et al., 1987; Eales et al., 1988; Naldrett, 1989; Kruger, 1992; Wilson et al., 1999; Kinnaird et al., 2002; Seabrook et al., 2005) .
There are 14 principal layers of chromitite in the Bushveld Complex (Fig. 2) , most of which are confined to the Critical Zone (Fourie, 1959; Cousins & Feringa, 1964; Scoon & Teigler, 1994; Schurmann et al., 1998; Mondal & Mathez, 2007; Maier & Barnes, 2008; Naldrett et al., 2012) . Three major groups of chromitites are recognized ( Fig. 2) : the Lower Group, comprising LG1 to LG7; the Middle Group, comprising MG0, MG1, MG2a, b, c, MG3, MG3a, MG4 and MG4a; and the Upper Group comprising UG1, UG2 and, in some areas, UG3 and UG3a (Schurmann et al., 1998) . Most of the chromitite layers have been traced along-strike for distances from >100 km to 400 km in both the eastern and western lobes (Hatton & von Gruenewaldt, 1987; Schurmann et al., 1998) .
We favour an opinion that all the massive chromitites of the Bushveld Complex (i.e. LG, MG and UG) are in all likelihood produced by the same fundamental processes and therefore their field relationships can be combined to identify the most important constraints for chromitite formation. Here, we compile data for chromitites from all three groups, with the major focus on the UG1 and UG2 chromitites, which are currently the best studied. The UG2 chromitite is of particular importance because it is one of the largest platinum-group element (PGE) deposits in the world. It can be traced for almost the entire 400 km strike length of the Eastern and Western Bushveld Complex (McLaren & De Villiers, 1982) . The excellent exposures in underground workings and surface outcrops has allowed many detailed petrological studies (e.g. Hiemstra, 1985 Hiemstra, , 1986 Gain, 1986; Mathez & Mey, 2005; Mondal & Mathez, 2007; Junge et al., 2014) . In contrast, the UG1 chromitite contains relatively low concentrations of PGE, but is famous for its spectacular interlayering with anorthosite, as revealed both in surface outcrops (e.g. Nex, 2004; Cawthorn, 2015; Pebane & Latypov, 2017) and numerous underground workings throughout the Bushveld Complex (e.g. Viljoen & Hieber, 1986; Viljoen et al., 1986b; De Klerk, 1992; Mukherjee et al., 2017) . Both the UG2 and UG1 chromitites are enriched in PGE (7 g ton -1 and 1 g ton -1
, respectively) and are underlain and overlain by cumulate rocks that are commonly almost completely devoid of PGE (Cawthorn, 1999a (Cawthorn, , 1990b (Cawthorn, , 2011 .
It is now well known that most, if not all, of the thick chromitite layers of the Bushveld Complex cut down through several metres of the underlying cumulates (Fig.  3 ). This primarily follows from so-called potholes and antipotholes that appear to be closely associated with all chromitite layers, but are mostly well documented for the UG1/UG2 chromitites. In particular, the UG2 potholes are near-circular to elliptical depressions with gently to steeply inclined sides that truncate the footwall cumulates (Fig. 4a) . Potholes are known in all workings of the UG2 chromitite (Hahn & Ovendale, 1994) and range in diameter from less than 10-20 cm to more than 50-100 m and cut down into footwall cumulates to depths of 1-40 m. In most respects they are similar to the Merensky Reef potholes (e.g. Leeb-du Toit, 1986; Ballhaus, 1988; (Rustenburg Layered Suite) showing the location of mines in which the field relationships reported in this study were recorded [modified after Webb (2009)] . The stratigraphic column of the Bushveld Complex indicates the location of the UG1 and UG2 chromitites towards the top of the Critical Zone. Carr et al., 1994 Carr et al., , 1999 Viljoen, 1999; Smith & Basson, 2006; Hoffmann, 2010; Cawthorn, 2015; Latypov et al., 2015a) . In contrast, the UG2 'antipotholes' are mounds of footwall rocks (generally referred to as 'koppies') that stand 1-15 m above the normal level of the UG2 around which the adjacent cumulates are missing (Fig. 4b) . These are referred to as antipotholes because morphologically they are the reverse of potholes. 'Antipotholed' UG2 generally drapes over these mounds and is in angular discordance with their igneous layering. Again, in most respects, these features are similar to the Merensky Reef antipotholes (e.g. Schmidt, 1952; Ferguson & Botha, 1963; Farquhar, 1986; Latypov et al., 2015a) . Although the UG1 chromitite is not so well documented, as it is not mined, our own observations from several mines indicate that its relationships with the footwall and hanging-wall rocks are similar to those of the UG2 chromitite. Following the above terminology, one can therefore also distinguish normal, potholed and antipotholed varieties of the UG1 chromitite, all of which exhibit transgressive relationships with their footwall rocks.
Although not yet published, similar relationships are true for most MG and LG chromitite layers. Our personal observations in several open-pits, unpublished internal reports from chrome mines, as well as communication with knowledgeable mining geologists (C. Steenkamp, M. Swart and S. McQuade, personal communications, 2016) suggest that potholes, and probably antipotholes, are common for all massive chromitite layers of the Bushveld Complex. . Generalized stratigraphic section illustrating transgressive relationships of the UG1/UG2 chromitite with their footwall rocks in the Bushveld Complex. Three major types of the UG1/UG2 chromitite are distinguished: (1) 'normal' ones that overlie relatively planar portions of the floor and are seemingly concordant with igneous layering in footwall rocks; (2) 'potholed' ones that cover nearly circular depressions (potholes) in which they are in angular discordance with igneous layering of footwall rocks; (3) 'antipotholed' ones that drape over hill-like (antipotholes) masses of footwall rocks and are also in angular discordance with their igneous layering. Modified from Latypov et al. (2015a) . 
FIELD OBSERVATIONS
Field relationships of chromitites with their host-rocks are summarized in many publications of the Mineral Deposits of Southern Africa (Annhaeusser & Maske, 1986) and interested readers are advised to consult these publications (also Mathez & Mey, 2005; Van der Merwe & Cawthorn, 2005; Maier et al., 2013) . Here we review only those field relationships that are crucial for our subsequent testing of existing hypotheses for the origin of the massive chromitites of the Bushveld Complex. Some of the recent hypotheses questioned the traditionally accepted idea about formation of the macrolayering by sequential deposition of crystals on the floor of a longlived magma chamber. Instead, they proposed the formation of the distinct rock layers (e.g. massive chromitite) either by mineral segregation within a thick column of crystal-rich mush (e.g. Mondal & Mathez, 2007; Maier et al., 2013) or by late-stage sill-like intrusion into a pre-existing cumulate pile (e.g. Voordouw et al., 2009; Mungall et al., 2016) . The most straightforward way for testing such hypotheses is to examine the relative age relationships between rock layers based on cross-cutting relations, lateral continuity, inclusions and unconformities. Application of these principles requires a thorough documentation of contacts between layers of rocks. Most of our observations below are selected with this particular idea in mind. Some of these are well known and have been previously described, but most are presented here for the first time.
Main and leader chromitite layers
Typically, chromitite layers occur at the base of units composed of chromitite and orthopyroxenite. Such units are characteristic of the LG chromitites, but are also observed in relation with MG and UG chromitites. As an illustration, we show the UG2, UG1 and MG4 chromitite-orthopyroxenite units (Fig. 5) . The basal position of chromitite is, however, not a rule. For instance, the MG2 chromitite appears to occur on the very top of an orthopyroxenite layer and the MG3 chromitite is entirely hosted by an anorthosite-leuconorite sequence with no associated orthopyroxenite (Fig. 5c) . Similarly, many UG1 chromitite layers occur within a thick layer of footwall mottled anorthosite with no adjacent orthopyroxenite (e.g. Viljoen & Hieber, 1986; Viljoen et al., 1986b; De Klerk, 1992; Nex, 2004; Mukherjee et al., 2017; Pebane & Latypov, 2017) .
The main chromitite layers in all groups are commonly accompanied by subsidiary seams (so-called leaders) in the hanging wall (e.g. Hulbert & von Gruenewaldt, 1986; Ireland, 1986; Mossom, 1986; Viljoen et al., 1986a Viljoen et al., , 1986b von Gruenewaldt & Worst, 1986; Worst, 1986a Worst, , 1986b . Leader chromitites are commonly 10-20 cm thick but can be up to 30-60 cm thick and may be separated from the main layer by an orthopyroxenite parting that is only a few decimetres to metres thick (Figs 5 and 6) . For instance, the 10-30 cm thick leader chromitite and the 30 cm thick triplet of chromitite (i.e. three thin seams separated by orthopyroxenite) may occur, respectively, several decimetres to 3 m above the main UG2 chromitite (Figs 5a and 6a) . In some chrome mines the leader chromitites have their own names (e.g. MG4a in Fig. 5c ; MG2b in Fig. 6b ). The composition of the main chromitite layers and leaders may be distinctly different in terms of major and trace The UG1 chromitite is underlain by anorthosite interlayered with thin chromitite seams, which is itself underlain by norite. (c) The steep face of the Spitsvale Mine opencast pit, Eastern Bushveld, showing two chromitite-orthopyroxenite units in which chromitite (MG4 and MG4a) occurs at the base. It should be noted, however, that the MG2 chromitite occurs on the very top of the orthopyroxenite and the MG3 chromitite is sitting within an anorthosite-leuconorite sequence with no associated orthopyroxenite.
elements, as well as PGE contents. As an example, a chromitite leader to the UG2 is known to have commonly much higher Pt/Pd ratio than the main layer (R. Hornsey, personal communication, 2016).
Composite nature of chromitite layers
Most main chromitite layers are not single layers, but are composed of at least two to three thinner sublayers that are locally separated by a discontinuous orthopyroxenite (sometimes anorthosite) layer, which is up to a few centimetres to decimetres thick. This is a typical feature of the UG1-2, MG1-3, and LG5 layers (Fig. 7) . As an illustration, the UG2 chromitite is reported to consist of two texturally and geochemically distinct sublayers (Fig. 7a ) that are locally separated by a discontinuous orthopyroxenite layer, which is a few centimetres thick (e.g. Lee, 1996; Cawthorn, 2011) . The lower sublayer is composed of massive granular chromite whereas the upper sublayer contains abundant pyroxene oikocrysts. The textural differences are emphasized by the PGE maxima at the base of each sublayer and distinctly different Pd/Pt ratios within the sublayers (e.g. Hiemstra, 1985 Hiemstra, , 1986 Lee, 1996; Cawthorn, 2011) . A few orthopyroxenite partings in the LG6 chromitite were also earlier reported by Ireland (1986, figs 4, 5 and 9) . The leader chromitites may also be locally split into numerous smaller sub-layers that are a few millimetres to centimetres thick. Such fine-scale layering involving chromitite seams is locally characteristic of the triplet leader to the UG2 chromitite (Fig. 8 ). Closely associated with the triplet leader are small depressions (minipotholes) whose sidewalls appear to truncate finescale chromitite-orthopyroxenite layering (Fig. 8c) .
Lateral merging and splitting of chromitite layers and sublayers
Main chromitite layers and sublayers may laterally merge or split. The merging commonly happens in potholes in response to lateral termination of the intervening silicate rock partings (Fig. 9a) . On the contrary, the splitting of chromitite layers occurs when chromitite sublayers start draping over the hill-like silicate rocks of antipotholes (Fig. 9b) . One example of merging has been described by Cawthorn (2011, fig. 12 ), who presented several lines of evidence suggesting that the UG3 chromitite, which is discrete in the northeastern part of the Bushveld Complex, merged with the top of the UG2 chromitite in all other regions. The merging may also be observed for sublayers of the main layers. In Fig. 10 this feature is shown for the UG2, UG1 and MG2 main chromitite layers. There may be up to five or even more sublayers whose merging results in a massive layer of chromitite (e.g. Fig. 10c ). Notably, thin anorthosite layers within the UG1 chromitite pinch out in places and reappear along-strike (Fig. 10b) . Centimetre-to decimetre-long gaps separate anorthosite lenses that lie at the same stratigraphic horizon, suggesting that they were originally continuous anorthosite layers. Significantly, tapering and termination of anorthosite layers results in merging of separate chromitite sublayers into a single thicker layer of chromitite. The chromitite sublayers terminate gradually as thin anorthosite layers give way to millimetre-wide tails of in situ anorthosite inclusions (Fig. 10b) . In some cases, the partings terminate abruptly, so that chromitite sublayers merge without any visually obvious break between them (e.g. Fig. 10a ).
Discordant relationships of chromitite layers with immediate footwall and hanging-wall rocks
Most contacts between the main chromitite layers and the underlying host-rocks in normal (i.e. non-potholed) areas are sharp and planar. Undulating and scalloped lower contacts are, however, common as well (Fig. 11 ) and may persist laterally over several metres. Significantly, the discordant relationships between the chromitites and footwall rocks become apparent when igneous layering is well developed in the latter (Fig. 11b-d) . Most contacts between the main chromitite layers and the overlying host-rocks are also sharp and planar, but scalloped contacts have been described as well. In particular, Ireland (1986, figs 6-8) reported that the upper contact of LG6 chromitite reveals 'scour'-like channels up to 10 cm deep that cut down into the chromitite and are filled with orthopyroxenite with elevated amounts of disseminated chromite. Similar transgressive relationships are characteristic of the upper contact of the UG2 chromitite with its overlying orthopyroxenite. This chromitite shows a cuspatelobate surface (Fig. 12a) , deep irregular embayments (Fig.  12b ) or occurs as irregular isolated bodies along the basal contact (Fig. 12c) . Truncation of the upper contact of the MG1 chromitite by the overlying pegmatoidal orthopyroxenite has also been documented (Fig. 13) .
Discordant relationships between rocks in units, chromitite layers on vertical to overhanging sidewalls of potholes and chromitite protrusions within footwall rocks Potholes and antipotholes appear to be associated with all chromitite layers, but are so far described only for the UG2/UG3 chromitites that are actively mined (e.g. Gain, 1985 Gain, , 1986 Mathez & Mey, 2005; van der Merwe & Cawthorn, 2005; Maier et al., 2013) . Here we will report field relations in potholes that are associated with UG2 (Figs 14-16 ) and UG1 units (Figs 17-23 ).
The most important relations between rocks in potholes associated with the UG2 unit can be summarized as follows: (1) footwall norites/anorthosites are sharply truncated by the UG2 chromitite (Fig. 14) ; (2) the UG2 chromitite can in turn be transgressed by the overlying orthopyroxenite ( Fig. 15 ; see also fig. 7 of Lomberg et al., 1999) ; and finally (3) the orthopyroxenite together with UG3/3A&B chromitites can be invaded by the hanging-wall leuconorite/anorthosite ( Fig. 16c and d) . In some potholes leuconorite/anorthosite truncates the UG2 chromitite itself (Fig. 16e and f) . In addition, Maier et al. (2016) recently documented a similar pothole at the Smokey Hill mine in the Eastern Bushveld, where leuconorite/anorthosite crosscuts an underlying sequence of orthopyroxenite containing the UG3/3A chromitites. Moreover, it has been repeatedly observed during mining operations at the Impala mine that hanging-wall leuconorite/anorthosite may cut through the entire UG2 unit and even cut down to the UG1 chromitite (B. Ovendale, personal commication, 2016) . In areas with planar contacts, the transgressive relations between leuconorite/anorthosite and underlying orthopyroxenite are locally evident from the scalloped surfaces that are marked by angular and apparently in situ blocks of orthopyroxenite that are still attached to the footwall orthopyroxenite ( Fig. 16a and b) . Importantly, UG2 chromitite in potholes can be developed along the steeply inclined margins at angles of up to [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] ( Fig.  14a and b ; see also fig. 3 of Mathez & Mey, 2005) .
The most salient features observed in potholes associated with the UG1 unit are as follows. Spectacular anorthosite-chromitite layering in the domal structures (Nex, 2004) that are commonly developed in the footwall rocks (Fig. 17) can be locally transgressed by the UG1 chromitite (Figs 18, 19 and 20a, c, d) . Both the UG1 chromitite and its footwall rocks with anorthosite-chromitite layering can in turn be truncated by the overlying orthopyroxenite (Figs 21 and 22) . Finally, the orthopyroxenite can be invaded by the overlying anorthosite (Fig. 20) . Significantly, the UG1 chromitite in potholes may develop along steeply inclined, subvertical and even locally overhanging sections of pothole walls (Figs 18b, c, 19 and 20a, c, d) . This feature of UG1 massive chromitite in potholes appears to have never been discussed in the literature. Importantly, such a position of the chromitite layer must be primary, because igneous layering in the domes is cut by potholes' margins (Figs 18b, c, 19 and 20a, c, d) . Curiously, the thin chromitite seams associated with invading orthopyroxenite and anorthosite also occur along subvertical (Fig. 21b ) and even locally overhanging sidewalls (Fig. 20b ) of the potholes. The anorthosite-chromitite layering in footwall rocks along the margins of the UG1 pothole can be either intact (Fig. 18b) or disrupted (Fig. 19, right side) .
Finally, chromitite protrusions into footwall rocks have been previously postulated (Voordouw et al., 2009 ) but only recently properly described by Mukherjee et al. (2017) and Pebane & Latypov (2017) . In one case a 15 cm thick chromitite protrusion extends laterally from the basal part of a chromitite-filled pothole into footwall rocks where it displays discordant relations with the igneous layering in the footwall (Mukherjee et al., 2017; Fig. 23a ). In another case, three thin protrusions extend from a thicker chromitite layer into the footwall anorthosite (Pebane & Latypov, 2017; Fig. 23b ). The lower part of the thick layer and protrusions themselves contain numerous small anorthosite inclusions that locally form up to 30-50% of the rock's volume. Some of these inclusions along both margins of the chromitite protrusions are partly attached to the host anorthosite, indicating that the inclusions are autoliths produced by the in situ disintegration of anorthosite ( Fig. 23b, inset ; see also fig. 11 of Pebane & Latypov, 2017) . Importantly, these chromitite protrusions can be paralleled by the so-called 'undercutting' Merensky Reef, which comprises sill-like offshoots of the Merensky Reef that laterally protrude into the footwall cumulates from pothole margins (Latypov et al., 2015a .
FIELD OBSERVATION CONSTRAINTS ON THE ORIGIN OF CHROMITITES
For illustration purposes, we have grouped our field observations into three domains referred to as planar, undulating, and pothole and antipothole zones (Fig. 24) . In this order, these features become less diagnostic about the relative age relationships between layers and mechanisms of their formation. By area, the planar zone is by far the largest but the least informative. In this zone, all layers are horizontal, contacts between them are planar, and the rocks are texturally uniform. As a result, this zone provides almost no indications of which layer is younger or older in the rock sequence. The undulating zone is more informative because of the highly irregular and scalloped nature of contacts between rock layers and their complex structure involving multiple sublayers (i.e. chromitite). The observations allow us to sort out the relative ages of rock layers and provide insights into their formation. Finally, the pothole and antipothole zone is limited in area (at best, 10-15%) but full of non-standard exposures (potholes, antipotholes, protrusions, etc.) that preserve the most comprehensive snapshots of the full range of processes involved in the petrogenesis of the rocks and their relative age relationships. The above generalizations are strictly valid for UG1/UG2 chromitite-orthopyroxenite units, which are sandwiched between hanging-wall and footwall rocks of contrasting norite-anorthosite composition (Fig. 24) . It should be emphasized, however, that similar field relations are likely to be characteristic of MG and LG chromitite-orthopyroxenite units, but are not yet properly documented. A major reason for this is that potholes are much less abundant there and not as destructive as those associated with the UG chromitites. Another factor is that both underlying and overlying rocks to the LG units are orthopyroxenite and therefore their relationships with the orthopyroxenite of the units themselves are not very obvious in the field.
The following field observations appear to be most fundamental and must be explained by any successful model for the origin of the massive chromitite of the Bushveld Complex (Fig. 24, points 1-16 h. Potholes associated with leader chromitites result in lateral truncation of the footwall UG1/UG2 orthopyroxenite and merging of the main and leader chromitite into a single layer (point 16). i. Potholes of the leader orthopyroxenite cut down through the leader chromitite and main UG1/UG2 orthopyroxenite and chromitite to depths of a few to tens of metres (point 14). j. Potholes of the hanging-wall norite/anorthosite truncate both underlying orthopyroxenite-chromitite units (point 7) and even footwall norite/anorthosite (point 9) and contain xenoliths of the transgressed rocks (point 8); in non-potholed areas, the hangingwall norite/anorthosite contains in situ-derived autoliths of the footwall leader orthopyroxenite (point 3).
The field observations thus reveal five major transgressive boundaries between the principal structural units involved (i.e. footwall rocks, UG1/UG2 chromitites, UG1/UG2 orthopyroxenite, leader chromitite, leader orthopyroxenite and hanging-wall rocks). Of importance is that each of these layers invariably truncates the underlying rocks and never the overlying ones. In reality, there are probably many more transgressive boundaries in this section. They are locally evident, for instance, in the composite nature of massive chromitite layers. These are composed of several cryptic sublayers (Figs 7, 8 and 10) , which become visible only when they are separated from each other by silicate rock partings. Tapering and termination of the partings results in merging of separate chromitite sublayers into a seemingly single, and texturally uniform, thick layer of chromitite. It is possible that similar transgressive boundaries also occur within the orthopyroxenite layers but these usually go unnoticed because of a lack of distinct intervening partings between orthopyroxenite sublayers.
Finally, there are two fundamental chemical observations that must be incorporated into any model for the origin of chromitites in the Bushveld Complex. First, although field observations ( Fig. 24) suggest that the origin of massive chromitites and their associated orthopyroxenite is probably related to multiple events of magma chamber replenishment, this complex history appears not to have been recorded adequately in the composition of the cumulus minerals. The surprising lack of cryptic variation in orthopyroxene above and below many chromitites has been noted in several earlier studies (Cameron, 1980; Eales & Cawthorn, 1996; Cawthorn et al., 2005) . More recently, Mondal & Mathez (2007) have undertaken a detailed mineralogical study of the UG2 chromitite and its surrounding rocks. They found that pyroxenes and plagioclase, above and below the UG2, and some other chromitites of the Bushveld Complex, are identical in composition. This puzzling chemical phenomenon of rock sequences comprising massive chromitite still remains unexplained. Second, the An content of interstitial (oikocrystic) plagioclase in UG chromitites and cumulus plagioclase in associated norite/anorthosite is surprisingly similar (e.g. Veksler et al., 2015; our unpublished data) , despite the notable difference in the status of this mineral in these rocks. This important observation will be used below as a test for the rival hypotheses.
TESTING OF HYPOTHESES FOR ORIGIN OF CHROMITITES
All existing models for the origin of massive chromitites in layered intrusions can be subdivided into two major groups: (1) those involving initially crystal-free melts that crystallize chromite as the only liquidus phase, which eventually settles on the chamber floor; (2) those involving crystal-rich slurries composed of either chromite alone or a mixture of chromite with predominant silicate phases from which chromite segregates towards the chamber floor. It should be noted that most existing models for chromitite formation are presented in the literature in the form of a narrative description with no stage-by-stage schematic illustrations of the physical principles underlying the models. This is unfortunate as pictorial presentations can aid both researchers and readers in understanding the physical essence of the models and reveal their problematical aspects. For this reason, schematic illustrations of the physical processes involved in chromitite formation accompany each of the models considered below.
Hypotheses involving gravity settling of chromite on the chamber floor
There are a variety of models that fall into this group; however, only three of them, the most commonly cited, will be considered below. 
Magma mixing
The model attributes saturation of the magma in chromite to mixing of resident melt with granitic melts derived either from fusible country rocks (Irvine, 1975; Kinnaird et al., 2002; Marques et al., 2003; Spandler et al., 2005) , new pulses of primitive magma (Irvine, 1977) or anorthositic-type magmas Irvine & Sharpe, 1986) (Fig. 25) . Chromite crystallizes within the chamber and then settles under influence of gravity to form a layer of massive chromitite on the chamber floor. The advantage of this hypothesis is that it involves chromite as the only liquidus phase in the chamber, thus its physical accumulation on the chamber floor is not impeded by any co-crystallizing silicate phases. It also overcomes the mass-balance problem, because multiple replenishment events could continuously bring Cr-undepleted magmas into the chamber.
Pressure increase
The model explains saturation of the magma in chromite as a result of a transient increase in total pressure in the chamber caused by either deformation of the magma chamber (Cameron, 1977 (Cameron, , 1980 (Cameron, , 1982 , the nucleation, ascent and expansion of gas bubbles (Lipin, 1993) or the emplacement of a new pulse of magma (Cawthorn, 2005 (Cawthorn, , 2011 . As an illustration, we consider here a model by Cawthorn (2005 Cawthorn ( , 2011 , who suggested that magma mixing was not required for the formation of the chromitites (Fig. 26) . Instead, the basal injection of new magma caused an increase in pressure in the overlying resident melt. This triggered the formation of chromite (and sulphide melt) in the resident melt, which then settled through the basal layer of new magma and accumulated on the floor. Subsequent rupturing of the roof resulted in a release of pressure and cessation of chromite formation in the resident melt. The model is attractive because an increase in pressure will have an almost instantaneous effect on the entire magma chamber.
Chromite-saturated melt Naldrett et al. (2012) have postulated that a new magma was already saturated in chromite upon emplacement into the chamber (Fig. 27 ). The massive chromitites are produced by settling of chromite from a basal layer of new magma on the chamber floor. The key advantage of this model is that it obviates a need for any internal processes (i.e. magma mixing) to cause chromite saturation of the magma. The availability of chromite-saturated melt from the very beginning is arguably the simplest solution to many problems of chromitite formation. Thick layers of massive chromitite may form from a large amount of chromite-saturated melt replenishing, or flowing through the chamber, thus resolving the mass-balance issue. Problematical aspects of the gravity settling models Massive chromitite on vertical to overhanging sidewalls of potholes Gravity-induced settling implies that chromitites cannot develop along any subvertical to overhanging sides of potholes, simply because settling crystals of chromite either cannot arrive at, or adhere to such surfaces. They can only accumulate at the base of potholes. There are, however, several documented cases where the UG2 chromitite occurs along pothole margins at angles of up to [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] ( Fig. 14a and b ). There are a few examples of potholes in which the uppermost UG1 chromitite cuts through footwall chromitite-anorthosite cumulates and is developed along steeply inclined, vertical and overhanging sections of pothole walls . In addition, thin chromitite seams at the margins of anorthosite and orthopyroxenite bodies that cut out footwall rocks drape over all irregularities of the contact surfaces, even where they are subvertical and overturned (Figs 20b and 21) . Similarly, potholes in the Merensky Reef were also observed to have chromitites developed on near-vertical or overhanging pothole walls (Latypov et al., 2015a .
Constancy of the mineral composition above and below chromitite layers
This problem emerges from a lack of cryptic variations in mineral composition across chromitite layers (Cameron, 1980; Eales & Cawthorn, 1996; Cawthorn et al., 2005) . On this basis Mondal & Mathez (2007) have seriously questioned both the magma mixing and pressure increase models. The essence of this objection in shown in Fig. 28 : a hybrid melt X produced by mixing of an evolved resident melt A and a more primitive new magma B must be always more primitive than the resident magma. As a result, abrupt reversals in mineral composition (towards higher Mg# of pyroxenes/olivine and An content of plagioclase) should be expected above a layer of chromitite. In particular, an increase of 1-3 mol % of Mg# in mafic minerals is expected (Campbell & Murck, 1993) . In addition, there should also be a decrease in the Cr/Al ratio in pyroxene owing to removal of Cr from the overlying magma by chromite crystallization. It has been found, however, that pyroxenes and plagioclase compositions above and below the UG2 are almost identical ( fig. 6 of Mondal & Mathez, 2007) .
A mass-balance problem regarding massive chromitites
This issue applies only to pressure increase models (e.g. Cawthorn, 2005 Cawthorn, , 2011 . It should be noted that in this model chromite crystallizes from a resident melt (Fig. 26) , rather than a hybrid one, as in the models involving mixing of resident melt with replenishing magmas (Fig. 25 ). This idea is highly problematic as it does not comply with a mass-balance issue. Typical basaltic magmas can provide only a limited amount of Cr (100-300 ppm) for the crystallization of chromite before it reaches a cotectic with silicate phases. Therefore, any event that results in saturation of the resident magma in chromite will only be able to produce a single layer of massive chromitite. Any subsequent events will not result in chromitite formation because the resident magma has already become depleted in Cr. The formation of multiple chromitites requires addition of new undepleted and chromite-saturated magmas into the chamber. Another serious problem, which has been overlooked, is that chromite settles to the base of the chamber via a thick column of a new magma that is not saturated in chromite. There is, therefore, a great Fig. 18 . Sketch of a domal structure (a) with anorthosite-chromitite layering that is truncated by a pothole in which the uppermost UG1 chromitite develops along its vertical sidewall (b). It should be noted that the anorthosite-chromitite layering within the hostrocks and inclusions within the pothole have identical strike (b), indicating no forceful disruption of the footwall rocks. Pegmatoidal orthopyroxenite is locally developed along the contact of the UG1 chromitite with the overlying orthopyroxenite. Level 18, Haulage S, Richard Shaft, Union Platinum, Western Bushveld.
chance that settling chromite grains will be totally dissolved in this new magma and will not reach the chamber floor at all. Moreover, there are no solid experimental data indicating that an increase in pressure promotes a saturation of a basaltic melt in chromite (see discussion by Mondal & Mathez, 2007) .
Concluding remarks
The fundamental fact that massive chromitites may develop on the subvertical to overhanging sections of potholes (Figs 19 and 20) unambiguously disproves all models involving gravity-induced settling of chromite on the chamber floor (Figs 25-27; also models by Cameron & Desborough, 1969; Ulmer, 1969; Prendergast, 2008; Cawthorn, 2015) . Magma mixing and pressure increase models are also refuted on the basis of constancy in mineral compositions across chromitite layers (Mondal & Mathez, 2007) . In addition, all pressure increase models face a problem in explaining the occurrence of multiple chromitite layers.
Hypotheses involving segregation of chromite from crystal-rich slurries
This group includes models involving slurries consisting of silicate phases and chromite (Mondal & Mathez, 2007; Eales & Costin, 2012; Maier et al., 2013; Mungall et al., 2016) , and those composed of chromite alone (Voordouw et al., 2009; Lesher et al., 2014 Lesher et al., , 2016 . These two subgroups of models are considered separately below.
Models involving orthopyroxene (6 olivine)-rich slurries
Gravity settling of chromite from dispersed crystal slurry. Eales (2000) and Eales & Costin (2012) suggested that chromite did not crystallize within the Bushveld chamber. Instead, they proposed that chromitites formed from chromite-olivine-pyroxene slurries that were generated in a deeper chamber and subsequently emplaced into the Bushveld chamber (Fig. 29) . Upon forceful emplacement into the chamber, the slurries were first dispersed and mixed in with the resident melt and then crystals settled to the chamber floor. It is postulated that in this process high-density chromite was segregated from coexisting olivine and pyroxenes to form a separate basal layer of massive chromitite. It is curious to note that the idea was originally introduced to solve a mass-balance problem with a perceived over-abundance of Cr 2 O 3 in the Bushveld Complex (Eales, 2000) . Ironically, by solving this issue the model introduced another, and much more disturbing, mass-balance problem with a paucity of associated silicate rocks (see below).
Kinetic sieving of chromite in stationary crystal slurry. Mondal & Mathez (2007) proposed a slightly modified version of the above model (Eales, 2000) to explain the origin of chromitite layers in the Bushveld Complex. The difference is that in their model the crystal-rich slurry (50 vol. % of pyroxene and 1Á2 vol. % of chromite) enters the chamber as a basal flow without any dispersion owing to mixing with the resident melt. After emplacement, chromite is segregated from the stationary slurry through kinetic sieving (Fig. 30) ; that is, by percolation of small and dense chromite grains through interstitial spaces between large orthopyroxene crystals towards the base of the crystal slurry. The net result of this process is that small chromite grains migrate downward and displace large orthopyroxene crystals, and these large grains gradually migrate upward. The small chromite grains thus sieve through the matrix of large orthopyroxene crystals, forming a basal layer of massive chromitite.
Kinetic sieving of chromite in slumping crystal slurry. Maier & Barnes (2008) and Maier et al. (2013) proposed that the Bushveld chamber was replenished by a new pulse of phenocryst-free, sulphide-undersaturated melt that crystallizes first orthopyroxene, chromite and Ir-subgroup platinum-group minerals (IPGM), followed by later plagioclase and sulphide to form a 10-100 m thick, broadly differentiated mushy layer (Fig. 31) . Subsequent subsidence of the chamber resulted in downward slumping of the mushy layer and related gravity-and size-induced sorting of minerals into orthopyroxenite, norite and anorthosite in the down-dip direction. In this 'kinetic sieving' process the relatively dense chromite crystals (and sometimes sulphide liquid) percolate downwards through the slurry, forming a layer of massive chromitite at the base of the orthopyroxenite. Primary accumulation of massive chromitite does not occur during the magmatic stage on the chamber floor, instead their accumulation is relegated exclusively to the post-accumulative stage in the development of the solidifying magma chamber.
Kinetic sieving of chromite in flowing crystal slurry. Mungall et al. (2016) provided data to indicate that ultramafic layers comprising chromitite and orthopyroxenite in the Upper Critical Zone (UCZ) have slight but resolvable differences in U-Pb zircon and baddeleyite ages. On this basis and following some earlier ideas (e.g. Mitchell & Scoon, 2007; Voourdow et al., 2009; Kruger, 2010) , it has been proposed that the macrolayering of the UCZ is not due to the traditionally accepted deposition of crystals on the temporary floor of a long-lived magma chamber. Instead, Mungall et al. suggested that the noritic rocks of the UCZ formed first and were then intruded by sheet-like bodies of crystalrich slurries (45 vol. % of pyroxenes and 1 vol. % of chromite), which internally differentiated into the chromitite-orthopyroxenite units (Fig. 32) . Chromite was segregated from coexisting silicate phases by kinetic sieving and accumulated at the base of the slurry while it was still flowing along the sill floor (J. E. Mungall, personal communication, 2016) .
Problematical aspects of the crystal-rich slurry models Separation of chromite from crystal-rich slurries In the first model, chromite is separated from the coexisting silicate phases by gravity settling from a dispersed crystal slurry (Fig. 29) . In the other three models Fig. 21 . Sketch of a domal structure (a) with anorthosite-chromitite layering that is truncated by a pothole filled with the hangingwall orthopyroxenite. The uppermost UG1 chromitite appears to be absent here. Instead, a thin chromitite seam drapes over all the irregularities of the floor, even where it becomes steep to subvertical in a pothole (b). Also, an irregular rim of mottled anorthosite developed in the footwall along the margins of a pothole should be noted (b). Level 11, crosscut 7 south, Rustenburg Platinum (School of Mines), Western Bushveld. Fig. 22 . Truncation of the leader chromitite, the UG1 chromitite and the footwall by the overlying orthopyroxenite in a pothole from the Pilanesberg Platinum Mine opencast pit, Western Bushveld. It should be noted that the UG2 chromitite is planar, indicating that the pothole predates its formation and is therefore filled by the leader orthopyroxenite.
it is separated by kinetic sieving in stationary (Fig. 30) , slumping ( Fig. 31) and flowing (Fig. 32) crystal slurries. Ironically, the first model by Eales (2000) and Eales & Costin (2012) brings us back to an earlier objection against gravity settling models (e.g. Jackson, 1961; Irvine & Smith, 1969) , because after the emplacement of a slurry into the Bushveld chamber, the subordinate chromite crystals must still have separated somehow from the predominant olivine or orthopyroxene crystals to form a layer of chromitite on the chamber floor (Fig.  29) . The problem here is that the postulated separation can produce only trivial concentrations of chromite, owing to its very low cotectic proportion, commonly less than 1 vol. % (e.g. Irvine & Smith, 1969; Barnes, 1986; Murck & Campbell, 1986) . Consideration of such cotectic proportions rules out simple gravitational sorting for development of thick chromitite layers, as their formation would require a huge amount of cocrystallizing silicate minerals (olivine, orthopyroxene or plagioclase) to remain suspended in the magma.
Density contrasts and convection forces suggest that this is implausible (Sparks et al., 1993) .
There are two further objections to this model. It is very common, both in nature and experiments, for Crspinel grains to be attached to or included within olivine or orthopyroxene crystals (e.g. Wilcox, 1954; Thy, 1983; Roeder et al., 2006; Hoshide & Obata, 2014) . This is probably due to preferential nucleation of chromite on silicate-liquid interfaces (e.g. Thy, 1983) , suggesting that most chromite crystals would settle as olivine-chromite or orthopyroxene-chromite clusters rather than as individual crystals, which is a requisite for the formation of separate layers of chromitite. Even if all spinel/chromite grains nucleated homogeneously, away from cotectic silicate minerals, their physical separation within a magma chamber still remains problematic. The fact that chromite is much denser than silicate minerals does not mean that it will be the first to settle out of a magma. It is the size and shape of crystals that principally governs their settling velocity. Co-crystallizing olivine and orthopyroxene are commonly one to two orders of magnitude larger in size than Cr-spinel (e.g. Roeder et al., 2006) . Because the radius of crystals is raised to the power of two in the Stokes' equation, silicate phases such as olivine or orthopyroxene would sink 100-10 000 times faster than chromite crystals. This leaves little possibility for chromite to settle and form layers of massive chromitite at the base of units. Thus, consideration of cotectic proportions, the textural relations of chromite and silicate minerals and their relative settling velocities rule out simple gravitational sorting for the origin of thick chromitite layers (Fig. 29) .
Kinetic sieving is a process that is well established both theoretically and experimentally in sedimentary geology and is thought to be responsible for many features of sedimentary rocks, such as inverse grading (see a review by Marsh, 2013) . Marsh (2013) has suggested that kinetic sieving and some other unmixing processes are almost unavoidable during transport and deposition of basaltic magmatic slurries because they consist of an assemblage of primocrysts of varying size and density. It has been proposed that this process may account for modal layering in one of the sills of the Ferrar dolerites (Marsh, 2004 (Marsh, , 2013 and massive chromitites of the Bushveld Complex (Mondal & Mathez, 2007; Maier et al., 2013) . The viability of the concept of kinetic sieving in a slumping crystal mush has been recently tested using an analogue experimental study by Forien et al. (2015) . Those researchers used glycerine (mimicking the melt) and silicone, polyacetal and glass beads to simulate minerals of different density and size. After slumping of the beads down an inclined surface in a tank, mineral layering was produced by percolation of the smaller, denser particles down between the larger, less dense grains. The experiments provide evidence supporting kinetic sieving in the Bushveld Complex through slumping of semi-consolidated cumulates.
It should be noted, however, that the beads used to imitate minerals in this (Forien et al., 2015) and several other (e.g. Marsh, 2013) studies are separate and totally independent particles without any physical or chemical forces of attraction. It is therefore no wonder that the particles can move freely relative to each other and be sorted during slumping. In contrast, 'crystals in magmas are not inert, as are quartz grains in water; they are chemically precipitated by the enclosing liquid' (Glazner, 2014, p. 937) . As a result, the minerals in natural cumulates are physically and chemically attached because they nucleate and grow on each other (e.g. (Fig. 8) ; (3) scalloped contact and in situ inclusion of the leader orthopyroxenite in hanging-wall norite/anorthosite (Fig. 16a and b) ; (4) composite nature of the UG1/UG2 main chromitite layers (Figs 7 and 10); (5) undulating and scalloped nature of the lower contacts of the UG1/UG2 main chromitite layers (Fig. 11) ; (6) undulating and scalloped nature of the upper contacts of the UG1/UG2 main chromitite layers (Figs 12 and 13); (7) truncation of the leader orthopyroxenite and chromitite as well as the UG1/UG2 orthopyroxenite by a pothole filled with the hanging-wall norite/anorthosite ( Fig. 16c and d (Fig. 23) ; (13) draping of an antipothole by UG1/UG2 chromitite (Fig. 4b) ; (14) truncation of the leader and UG1/UG2 chromitites by a pothole filled with the leader orthopyroxenite (Fig. 22) ; (15) truncation of the main chromitite layers by a pothole filled with UG1/UG2 orthopyroxenite ( Figs 15 and 21) ; (16) lateral merging of chromitite layers associated with a non-destructive UG1/UG2 pothole (Fig. 4a) . Fig. 25 . Sketch of the gravity settling model (e.g. Irvine, 1975 Irvine, , 1977 for the formation of massive chromitite. The key idea is that mixing of primitive magma with resident evolved/anorthositic melt or anatectic granitic melt will result in a hybrid melt saturated in chromite that subsequently settles to the base of the chamber as a continuous layer of massive chromitite. (See text for discussion.) Campbell, 1996; Pupier et al., 2008; Hammer et al., 2010; Spillar & Dolej s, 2015) . This is especially true for chromite, which is almost invariably attached to or included within olivine or orthopyroxene crystals (e.g. Wilcox, 1954; Thy, 1983; Roeder et al., 2006; Hoshide & Obata, 2014) . For this reason, a rigid, three-dimensional network of crystals exists when basaltic melt is only about 25% crystallized (e.g. Philpotts et al., 1998; Philpotts & Dickson, 2000) . A crystal mush can deform when still in an incompletely crystallized state, but almost certainly not undergo sorting (at least on a large scale) as bonds between the constituent minerals inhibit their physical rearrangement. Therefore the above analogue experiments (Marsh, 2013; Forien et al., 2015) do not accurately mimic the behaviour of real cumulates in layered intrusions, and in no way can their results be considered as providing support for the possibility of mechanical unmixing in magmatic cumulate piles. A totally different design of experiments is therefore required to prove the viability of the kinetic sieving processes in layered intrusions. The experiments must involve crystals that are bound to the enclosing liquid by viscous forces and to one another by particle interactions of a chemical nature. Before such experiments are completed, the further application of this process to layered intrusions is not justified and may result in misleading conclusions. In general, the separation of chromite from coexisting silicate minerals appears to be implausible, even in an essentially liquid magma, let alone a partially solidified crystal mush.
Massive chromitite on vertical to overhanging sidewalls of potholes Segregation of chromite from silicate phases is accompanied by its accumulation towards the base of crystal slurries. The process is primarily governed by gravity (and size) and therefore the deposition of chromite on the subvertical to overhanging margins of potholes is totally prohibited. Such development of chromitite layers is not, however, uncommon for the UG1/UG2 disruptive potholes (Figs 14a, and presents one of the biggest challenges for all crystal slurry models. Fig. 28 . Ol-Chr-Qtz phase diagram illustrating the inference that (a) mixing of resident melt A and new primitive magma B can produce hybrid magma X, which after chromite crystallization will reach the cotectic at Y and crystallize cumulates with higher Mg# of orthopyroxene than the resident melt A. As a result, a reversal in Mg# of orthopyroxene is expected to occur above a layer of massive chromitite (b, expected). In reality, in many cases there are no changes in composition of orthopyroxene across chromitite layers of the Bushveld Complex (b, observed). This observation is a challenge to models involving magma mixing processes to produce chromite-saturated melts in the chamber. The Ol-Chr-Qtz phase diagram is modified from Irvine (1977) . Ol, olivine; Chr, chromite; Qtz, quartz. Eales & Costin (2012) for the formation of massive chromitites, which appeals to the emplacement of a crystal-rich slurry from a deep-seated magma chamber. The slurry is disaggregated in response to forceful mixing with a resident melt and then upon settling chromite separates from olivine and pyroxenes to form a basal layer of massive chromitite overlain by about a 50-100 m thick column of orthopyroxenite. (See text for discussion.)
A lack or paucity of orthopyroxenite above chromitite layers Slurry models imply that massive chromitite will probably accumulate at the base of orthopyroxenite units or can be even further injected down into their underlying rocks. However, the MG2 chromitite tends to occur at the top of an orthopyroxenite unit and is directly overlain by anorthosite-leuconorite. The MG3 chromitite is entirely enclosed by an anorthosite-leuconorite sequence with no associated orthopyroxenite (Fig. 5c ). The same is true for many UG1 chromitite layers that are entirely hosted by mottled anorthosite Mondal & Mathez (2007) for the formation of the UG2 massive chromitite. They proposed that a magma chamber is replenished by an $56 m thick crystal-rich slurry (45% Opx and 1Á2% chromite) from a deeper magma reservoir. After emplacement, chromite separates from coexisting pyroxenes by kinetic sieving to form a 67 cm thick UG2 chromitite layer, overlain by an $55 m thick column of orthopyroxenite. (See text for discussion.) Fig. 31 . Sketch of the model proposed by Maier et al. (2013) for the formation of massive chromitites. They suggested that crystalfree melt replenishes a magma chamber and crystallizes into a thick pile of crystal-rich slurry. In response to central subsidence the slurry slumps downwards and chromite segregates from silicate minerals by kinetic sieving to form the massive chromitite. The formation of the 1 m thick chromitite layer requires a $50-100 m thick column of overlying complementary orthopyroxenite. (See text for discussion.) (e.g. Viljoen & Hieber, 1986; Viljoen et al., 1986b; De Klerk 1992; Nex, 2004; Mukherjee et al., 2017; Pebane & Latypov, 2017) . A total lack of a complementary orthopyroxenite layer above some massive chromitites casts doubt on the very idea of chromite separation from orthopyroxene (olivine)-rich slurries (Eales, 2000; Mondal & Mathez, 2007; Eales & Costin, 2012; Maier et al., 2013; Mungall et al., 2016) .
The mass-balance problem still exists, even when orthopyroxenites are present above chromitites. The slurry models implicitly assume that each thick chromitite layer is the result of chromite separation from a single, voluminous pulse of crystal-laden magma. Multiple, but smaller injections of crystal slurries could presumably result in a sequence of silicate rocks hosting thin chromitite layers, such as the leader chromitites. This implies that the main chromitites and their leaders (Figs 5 and 6) must have been deposited from separate crystal slurry pulses. Even if we accept that all the crystals of chromite in these slurries were somehow separated from the coexisting silicates, the disparity in the proportions of chromitite and the silicate rocks becomes a serious obstacle. To illustrate, the formation of a 1 m thick main chromitite layer dictates that a thickness of about 50-100 m of chromite-free orthopyroxenite must occur above it. In reality, the UG2 chromitite may be overlain by an orthopyroxenite layer that varies from 5 cm to 1Á5 m (Fig. 5a ) and contains a cotectic proportion of chromite (1 vol. %), indicating that it supplied no chromite to the underlying chromitites.
The mass-balance obstacle is further exacerbated by the fact that most chromitites are not single layers, but are composed of several texturally and sometimes even geochemically distinct sublayers that are locally separated by a discontinuous orthopyroxenite/anorthosite layer up to a few centimetres to decimetres thick (Figs 7, 8 and 10). As an illustration, the UG2 chromitite consists of at least two sublayers ( Fig. 7a ; Hiemstra, 1985 Hiemstra, , 1986 Lee, 1996; Cawthorn, 2011) . The lower sublayer is composed of massive granular chromite whereas the upper sublayer contains abundant pyroxene oikocrysts. In places, the orthopyroxenite parting has a planar, conformable base but an irregular upper contact, suggesting its transgression prior to the formation of the overlying chromitite sublayer that ultimately led locally to the complete disappearance of the parting. The textural differences are emphasized by the PGE maxima at the base of each sublayer and distinctly different Pd/Pt ratios within the sublayers (Hiemstra, 1985 (Hiemstra, , 1986 ). The observations indicate that the UG2 chromitite must have been produced sequentially from two distinctly different magmas without the formation of any substantial intervening silicate cumulates. If so, then there are no silicate cumulates remaining from the emplaced slurry to account for the lower chromitite sublayer (Fig. 7a ). More recently, Junge et al. (2014) has shown, using cryptic variations in chromite composition, that the UG2 chromitite may actually consist of up to 10 distinct sublayers with no intervening silicate rocks. They interpreted the succession of chromitite sublayers as the result of sequential phases of magmatic differentiation and segregation, finally building up the UG2 chromitite. The mere existence of such sublayers suggests that UG2, as well as other massive chromitite layers (Figs 7 and 10) formed by accumulation of chromite alone, without co-precipitation of any silicate phases. This evidence, taken together with chromitite layers with no associated orthopyroxenite (Fig. 5c) , testifies against the formation of massive chromitites from orthopyroxene-rich slurries.
To overcome this obstacle, one could argue in one model ( Fig. 32 ; Mungall et al., 2016) , that a large amount of orthopyroxene phenocrysts (25% out of 45% initially brought with a slurry) has been removed by magmas passing through the sills leaving behind heavy chromite deposits. Even if we accept this postulate, a 1 m thick chromitite must still be overlain by at least a 20 m thickness of orthopyroxenite, which exceeds by several hundred times the thickness of those that are observed (Figs 6 and 7). In another model ( Fig. 31 ; Maier et al., 2013; W. D. Maier, personal communication, 2017) one can envisage that a substantial portion or even the entire layer of complementary orthopyroxenites above each chromitite layer or sublayer has been repeatedly slumped towards the centre of the complex. This would require, for instance, that several dozens of metres of orthopyroxenite overlying each sublayer of the MG3 composite chromitite (Fig. 10c) have been successively removed at least five times. Alternatively, one could perhaps suggest that all layers of complementary orthopyroxenites above chromitite sublayers have been totally removed by magmatic erosion. Although not entirely impossible, it is hard to believe that the slumping-erosive process would operate so remarkably effectively, selectively and repeatedly to destroy almost all evidence for the prior existence of 50-100 m thick layers of complementary orthopyroxenites above chromitites.
A transgression of chromitite by immediately overlying orthopyroxenite
The slurry models imply the formation of massive chromitite and the overlying orthopyroxenite by segregation from the same parental slurry and, if so, the contact between these two layers must be concordant. It is one of the key field observations of this study, however, that massive chromitites are locally transgressed by the immediately overlying orthopyroxenite. This fundamental feature was first noted by Ireland (1986) for the LG6 chromitite, but has been essentially ignored thereafter. In this respect, most telling is the evidence for transgression of the UG2 chromitite prior to the crystallization of the overlying orthopyroxenite that led to the initial development of a lobate surface (Fig. 12a) , then deep embayments (Fig. 12b) and, ultimately, to the complete removal of the chromitite with only local, irregular remnants preserved (Fig. 12c) . Even more impressive evidence is provided by potholes, where chromitite layers may be entirely truncated by the immediately overlying orthopyroxenite (Figs 15 and  22) . The transgressive relationships imply a temporary gap between the formation of chromitite and the overlying orthopyroxenite. If this is the case, they could not form from the same parental magma or slurry. The hanging-wall orthopyroxenites may have crystallized from a new magma that had no direct relation to the previous event of chromitite formation.
A transgression of orthopyroxenite-chromitite units by overlying leuconorite/anorthosite
This issue is relevant to only the model of Mungall et al. (2016) , which implies the non-sequential formation of ultramafic units by sill-like intrusions of orthopyroxeneolivine-chromite slurries into pre-existing noritic rocks of the UCZ (Fig. 32) . The intrusive interpretation makes a very clear prediction that orthopyroxenite must crosscut the layering in the pre-existing overlying norite. Exactly the opposite is true, however. The hanging-wall leuconorite/anorthosite also forms spectacular potholes that cut through the entire UG1 and UG2 chromititeorthopyroxenite units (Figs 16c, d and 20) . The same appears to be true for the Merensky Unit (Wagner, 1929, fig. 15 ; Brown & Theron, 2004, fig. 2 .13). The observations apparently exclude any possibility for the chromitite-orthopyroxenite units to be late-stage sills that intruded into pre-existing norite cumulates. In general, the sequential and unidirectional formation of layers in the sequence, as indicated by transgressive relationships (Fig. 24) , is clearly not supportive of several earlier (e.g. Reuning, 1927 Reuning, , 1930 Coertzer, 1958; Heckroodt, 1959; Lee & Butcher, 1990) and recent (e.g. Mitchell & Scoon, 2007; Kruger, 2010; Mungall et al., 2016) attempts to interpret some ultramafic units of the Bushveld Complex as late sills. An entire concept of building layered intrusions with systematic variations in crystallization and compositional sequences by haphazard emplacements of sills into pre-existing rocks can be regarded as an attempt to create 'order out of chaos'. The idea is not much different from a hypothesis considering layered intrusions as accidental mechanical accumulations of 'tramp phenocrysts' entrained from an underlying mush column by numerous crystal slurries (Marsh, 1996 (Marsh, , 2006 (Marsh, , 2013 . The failure of this hypothesis has been indicated in our several critical analyses (Latypov, 2009; Latypov & Chistyakova, 2009; Latypov et al., 2015b) .
Constancy of the mineral composition above and below chromitite layers Mondal & Mathez (2007) are the only ones who addressed this puzzling chemical phenomenon in their slurry model for the origin of the UG2 chromitite (Fig.  30) . They attempted to overcome this compositional problem by suggesting that the Bushveld chamber was replenished by batches of magma with a composition similar to that of the resident magma, but carrying suspended crystals of chromite and orthopyroxene. Subsequent sorting of chromite from orthopyroxene occurred to develop a layer of massive chromitite that is overlain by orthopyroxene cumulates. Thus, minerals below and above the UG2 are chemically identical because both the resident and replenishing magmas were similar in composition. However, because the Bushveld chamber and any deep-seated magma storage regions are two different systems that would evolve independently from each other, the similarity in composition of magma batches could only be accidental. The probability of such events is low, even for the case of the UG2 chromitite, let alone all the other Bushveld chromitites that exhibit similar mineral compositions in adjacent rocks (Cameron, 1980; Eales & Cawthorn, 1996; Mondal & Mathez, 2007) . Thus an alternative, more plausible interpretation is required.
There is another important implication of the orthopyroxene composition similarity in rocks adjacent to massive chromitite. There are several significant reversals in mineral composition, as recorded by increases in Mg# of orthopyroxene in the Lower and Critical Zones (Fig. 3) . What is important is that the Mg# of orthopyroxene in each of the chromitite-orthopyroxenite units [interpreted as separate sills by Mungall et al. (2016) ; Fig. 32 ] is invariably similar to that in the immediately overlying and underlying norites/orthopyroxenite (Cameron, 1980; Eales & Cawthorn, 1996; Mondal & Mathez, 2007) . A pertinent question is: what is the chance that a sill will accidentally bring a cargo of orthopyroxene crystals into the sequence with exactly the same composition of orthopyroxene? The likelihood of such a random event is close to zero even for one case, let alone for the few dozens of times needed to form all units (LG1-LG7, MG0-MG4, UG1-UG2, MR-BR, etc.). This fundamental chemical feature thus questions all previous and recent models that envisage a random and non-sequential emplacement of magma into preexisting rocks of the Bushveld Complex (e.g. Reuning, 1927 Reuning, , 1930 Coertzer, 1958; Heckroodt, 1959; Lee & Butcher, 1990; Mitchell & Scoon, 2007; Kruger, 2010; Mungall et al., 2016) .
Similarity of plagioclase composition in massive chromitites and related norite/anorthosites
One notable feature of all slurry models is that the massive chromitites do not crystallize on the temporary chamber floor. Instead, they are supposed to form under a cumulate pile that is several dozens of metres thick (Figs 29-32 ). This means that any interstitial liquid within the chromitite has no chance to chemically exchange with the overlying magma body. As a result, it will crystallize under perfect equilibrium conditions producing interstitial plagioclase with the same Na/Ca ratio as the interstitial liquid it crystallizes from. This interstitial plagioclase will therefore be much lower in An content than the cumulus plagioclase in the adjacent norite/anorthosite layers, which are produced from the main magma body by fractional crystallization. This is a straightforward prediction of all slurry models. Based on experimental data (e.g. Iezzi et al., 2011) and natural observations (e.g. Hoffer, 1966) , the difference between plagioclase produced from basaltic melts by equilibrium (truly intercumulus) and that produced by fractional (truly cumulus) crystallization is expected to be about 30 An % [see discussion by Chistyakova & Latypov (2012) ]. In other words, if the An content of cumulus plagioclase in norite/anorthosite is 80% then that of the interstitial plagioclase in chromitites must be about 50%. The available data show, however, that the composition of oikocrystic plagioclase from the UG chromitites is either only slightly more evolved than (70-74% oikocrystic versus 77-80% cumulus for the UG1 sequence; our unpublished data) or overlapping with (71-77% oikocrystic versus 75-77% cumulus for the UG2 sequence; Veksler et al., 2015) that of cumulus plagioclase from adjacent norite/anorthosite. We consider this similarity in composition of oikocrystic and cumulus plagioclases as one of the most problematical chemical aspects of slurry models.
Models involving chromite-rich slurries
Sill-like intrusions of chromite-rich slurry Voordouw et al. (2009) have proposed the emplacement of slurries carrying $50-60 vol. % chromite as sills into pre-existing cumulate rocks (Fig. 33) . Unlike the sill model of Mungall et al. (2016) , the slurries are supposed to contain no silicate minerals and therefore their subsequent closed-system crystallization produced the observed modal and chemical composition of the chromitite layers. This model appears to be simple and straightforward. It is certainly advantageous over the previous slurry models in that it does not require a mechanism for separation of chromite from silicate phases. Also, it has no problem with a mass balance regarding both an excess of chromitite and a paucity of complementary silicate rocks. In addition, an intrusive origin of chromitite would explain why there are no cryptic variations in mineral compositions above and below chromitite layers (Mondal & Mathez, 2007) . However, the model fails a key test, as an intrusive origin of chromitites is not compatible with their transgression by immediately overlying orthopyroxenites (Figs 12 and 13; also Ireland, 1986 ). In addition, neither the origin of potholes nor the development of chromitites along their subvertical to overturned sidewalls can be accounted for by the model. There are several other objections against the model that have already been discussed elsewhere (Cawthorn, 2015; Pebane & Latypov, 2017) .
Basal flows of chromite-rich slurry
Curiously, this is so far the only model (Lesher et al., 2014 (Lesher et al., , 2016 ) that considers delivering chromite-bearing slurry directly into the chamber, presumably as a basal flow with subsequent settling of chromite to form a basal layer of massive chromitite (Fig. 34) . A distinguishing feature of the model is that chromite is not supposed to crystallize directly from the transporting magma. Instead, chromite forms from partial melting, physical transport and dynamic upgrading of magnetite grains entrained by a flowing magma from banded iron formations. This hypothesis demands not only the transport of a large amount of magnetite crystals from below but also their complete chemical transformation into chromite through reaction with the transporting basaltic melts. An advantage of the model is in the accumulation of chromite on the chamber floor that is unimpeded by precipitation of any silicate minerals. The model also solves a mass-balance problem via Lesher et al. (2014 Lesher et al. ( , 2016 for the formation of massive chromitites. The central tenet is that a slurry brings chromite directly into the chamber where it settles to form a layer of massive chromitite at the base. Importantly, chromite does not crystallize from the transporting magma, but forms by the partial melting and dynamic upgrading of magnetite grains sourced from banded iron formations (BIF) and entrained by the flowing magma. (See text for discussion.) bringing and depositing in the chamber a large amount of chromite crystals. The critical failure of the model for our case is that it is gravity dependent and therefore cannot explain the deposition of chromite on the vertical to overturned sidewalls of potholes (Figs 14a, b, 20b and 21) .
Concluding remarks
Massive chromitites are most probably not formed from crystal-rich slurries for the following reasons: (1) chromite cannot be separated from coexisting silicate phases, neither by crystal settling nor by kinetic sieving; (2) chromite cannot be deposited on subvertical to overturned portions of pothole margins; (3) chromitites are not accompanied by thick overlying complementary orthopyroxenites; often these are completely absent; (4) chromitites are truncated by immediately overlying orthopyroxenite; (5) both chromitites and their overlying orthopyroxenites are transgressed by hanging-wall leuconorite/anorthosites; (6) cryptic variations in minerals across chromitite layers are absent (applicable only to some slurry models); (7) oikocrystic plagioclase in chromitites is compositionally close to cumulus plagioclase in adjacent norite/anorthosite.
A NOVEL HYPOTHESIS FOR ORIGIN OF MASSIVE CHROMITITES
The implications of field relations for magma chamber processes Insights from transgressive relationships between different rock layers Five major unconformities between footwall noritic/ anorthositic rocks, UG1/UG2 chromitites, UG1/UG2 orthopyroxenite, leader chromitite, leader orthopyroxenite and hanging-wall noritic/anorthositic rocks are indicated by transgressive potholes and antipotholes (Fig. 24) . Traditionally, such unconformities are attributed to magmatic erosion of the temporary floor of the chamber during episodes of replenishment by new pulses of magma (e.g. Vermaak, 1976; Kruger & Marsh, 1985; Campbell, 1986 Campbell, , 1996 Eales et al., 1988; Lomberg et al., 1999; Viljoen, 1999; Viring & Cowell, 1999; Smith et al., 2003; Cawthorn et al., 2005; Naldrett et al., 2011; Latypov et al., 2015a) . In this context, potholes can be regarded as a result of local magmatic erosion of the floor, which was probably focused at initial points of weakness in the surface of cumulates. This is supported by disrupted layering observed in some potholes (e.g. Fig. 19, right side) , which suggests that the formation of potholes either was initiated through rupturing of the floor cumulates, or was accompanied by collapse after erosion of the pothole. In contrast, antipotholes are an impressive manifestation of erosion on a regional scale: these are probably hill-like remnants of footwall rocks that were more resistant to erosion and therefore allow an estimation of the approximate position of the floor before erosion. The size of antipotholes (Figs 3, 4 and 9) indicates that the total thickness of cumulates that was removed on a regional scale at the level of some chromitite layers was at least 10-15 m. We note that relatively planar and seemingly concordant contacts (e.g. planar zone in Fig. 24 ) do not necessarily exclude magmatic erosion, but simply reflect its uniform character, resulting in no obvious discordance between different lithologies. The original position of the chamber floor is locally indicated by in situ inclusions that are still attached to the host-rocks (e.g. Fig. 16a and b) and are best interpreted as erosional remnants of the preexisting floor cumulates.
The erosion must have been fairly aggressive because even highly refractory chromitites are subjected to truncation and removal (e.g. Figs 15 , 16c-f, 19 and 22; see also Maier et al., 2016) . Our data record progressive stages in the erosion of the UG2 chromitite. The erosion initially produces a lobate morphology along the upper contact (Fig. 12a) , then proceeds with the formation of deep embayments, extending nearly to the lower contact of the UG2 chromitite (Fig. 12b) . It finally results in the almost complete removal of the UG2 chromitite with only small erosional remnants preserved locally (Fig. 12c) . It should be noted that magmatic erosion of any pre-existing cumulates requires that added magmas were in contact with the cumulates forming the temporary floor of the magma chamber. This could only be the case if the new magmas were relatively dense and spread out as a basal layer along the interface between the resident melt and the temporary chamber floor.
Curiously, erosion appears to have played an important role in the formation of uniform chromitite layers. As shown above, massive chromitites are not invariably single layers; some are composed of several texturally or compositionally distinct sublayers that may locally be separated by thin anorthosite or orthopyroxenite partings (Figs 7, 8 and 10) . We consider the gaps and lateral terminations of these partings (Fig. 10) as evidence for their erosion by new magmas that subsequently crystallized the overlying chromitite layers. The partial or complete removal of some of the partings results in the impression of single layers of homogeneous massive chromitite. This indicates that multiple pulses of magma of variable composition were involved in the formation of seemingly uniform chromitite layers.
The erosional features have an important implication for the general interpretation of igneous layering. There is common practice to refer to UG1/UG2 chromititeorthopyroxenite sequences as cyclic units. Field observations indicate, however, that this may be not entirely correct. True cyclic units are supposed to form from a single pulse of magma by closed-system fractional crystallization (e.g. Irvine, 1982 Irvine, , 1987 . In this process, one may form a cyclic unit composed of chromitite (chromite cumulate) followed by chromite-bearing orthopyroxenite (chromite-orthopyroxene cumulate) and then norite (orthopyroxene-plagioclase cumulate).
In our case, however, transgressive relationships are observed between all the mentioned rocks: chromitite is overlain discordantly by orthopyroxenite (e.g. Figs 12, 13 and 15), which is, in turn, discordantly overlain by norite/leuconorite ( Fig. 16c and d) . This suggests that, at least in some cases, the rocks formed from separate pulses of magmas that eroded the previously formed cumulates. Therefore, caution must be exercised when considering a cyclic unit-type relationship between chromitite and orthopyroxenite in the Bushveld Complex. Some of these may indeed be true cyclic units; however, many, if not most of them, may be produced by an accidental sequence of replenishment events, which produce rock sequences that mimic the results of fractional crystallization of a single pulse of magma.
Insights from development of chromitites along vertical to overhanging sidewalls of potholes
This is one of the most important new observations (Figs 14a, of this study, directly bearing on the mechanism of chromitite crystallization. To our mind, it indicates that subsequent to erosion of the footwall and concomitant cooling, the massive chromitites did not form by homogeneous nucleation and crystallization of chromite within the chamber, followed by settling on the chamber floor. Rather, the development of chromitite along subvertical to overhanging sections of pothole walls is only consistent with chromite crystallization in situ; that is, directly at the interface between the chamber floor and the magma, draping all irregularities of the erosional surface. Chromite was thus the first liquidus phase in the basal layer of magma, occasionally accompanied by sulphide melt. In situ crystallization of chromite can take place on a pothole margin of any orientation, be it horizontal, vertical or even overturned. There are no spatial restrictions for this process. The layering in potholes is consistently concordant with their walls (Figs 4a, 14, 19 and 20) , which is also best interpreted as a result of an in situ growth of crystals on the chamber floor, which produces igneous layering outlining the pothole margins. In situ crystallization may conceivably be accompanied by the redeposition of crystals that originally grew in situ owing to convection in the basal magma layer or subsequent basal magma flows. The most likely places where crystals would sediment are structural traps and depressions in the floor of the chamber, particularly potholes. This may explain why layers tend to become thicker in the deepest parts of some potholes (Fig. 4a) . Surprisingly, our interpretation of chromitite layers developed along subvertical margins of potholes as indicative of in situ crystallization has been questioned by one of our reviewers. Two alternative interpretations have been suggested. One of them envisages that potholes may have first been entirely filled by chromite mush which was subsequently eroded away by new magma, leaving only a 10-30 cm thick erosional selvage of chromitite along the margins of potholes (e.g. Fig. 19 ). First, even though thickening of the chromite layer in basal part of potholes does occur (e.g. Fig.  4a ), the depositional process can hardly be so effective as to fill the potholes (some of them up to 5-40 m deep) with chromite up to their top. Second, there is indeed compelling field evidence for erosion of massive chromitites (Figs 12 and 13 ), but this process can hardly be so efficient as to almost completely excavate a pothole containing a pile of massive chromitite that is a few dozen metres thick. This two-stage process appears to be physically too demanding to be true. In this respect, a direct in situ crystallization of a 10-30 cm thick layer of chromitite simultaneously inside and outside potholes is much more appealing (e.g. Figs 18, 19 and 20a) . Another alternative idea involves the precipitation of chromite from slumping crystal-rich slurry flowing into and through potholes, thereby coating the floor and sidewalls of any orientation with a continuous layer of massive chromitite. As indicated above, the formation of chromitite by kinetic sieving from slumping crystalrich slurry implies concordant relations between a chromitite layer and the immediately overlying orthopyroxenites. However, field observations indicate that orthopyroxenites truncate the underlying chromitites (Figs 12 and 13) , testifying against their formation from the same parental slurry. In addition, the process of kinetic sieving itself has yet to be shown to operate in layered intrusions.
Insights from protrusions of chromitites into footwall rocks
Field observations indicate that some of the UG1 chromitite layers represent intrusions into the footwall (Fig.  23) . We interpret the chromitite seams in Fig. 23b as injections into footwall anorthosite because they contain anorthosite inclusions that are partly attached to the footwall and hanging wall (Fig. 23b, inset) . The fact that the seams are locally almost choked with in situ inclusions is difficult to reconcile with forceful emplacement of chromite-rich mush, which would physically displace any inclusions from the channels. Rather, this is compatible with the percolation of chromitesaturated melt along fractures, resulting in erosion upwards and downwards into the adjacent anorthosite, followed by in situ crystallization of chromite from continuously flowing liquid. The important feature in this case is that the process of erosion and crystallization is essentially caught in action. The scenario for the origin of the chromitite protrusion in Fig. 23a is probably similar; the only difference being that erosion of footwall rocks in this case was so effective that no evidence for progressive disintegration and digestion of anorthosite in the form of small inclusions was preserved in the rocks. For this process to take place, (1) the inflowing magma must have been in contact with the anorthosite cumulates, (2) it must have been very reactive in nature, and (3) it must have been capable of crystallizing chromite in situ within the footwall anorthosites. These are three major inferences that can be drawn from the existence of chromitite protrusions.
Magmatic erosion of footwall cumulates by superheated magmas
The field data presented here indicate that extensive erosion of pre-existing cumulates by newly emplaced magma was an inherent part of the process of chromitite formation in the Bushveld Complex. Potholes and antipotholes are the most prominent manifestations of the local and regional erosion that took place before, during and even after the formation of the UG1/UG2 chromitites (Fig. 24) . Theoretically, magmatic erosion of footwall cumulates can be accomplished by (1) a crystal-rich slurry (e.g. Eales & Costin, 2012; Maier et al., 2013) , (2) new hot melt at its liquidus but undersaturated in plagioclase (J. E. Mungall, personal communication, 2016) , or (3) new superheated melt (e.g. Campbell, 1986; Cawthorn & Boerst, 2006; Latypov et al., 2015a) .
The potential of each of these scenarios has been examined in detail in our previous publication . We concluded that for several reasons the erosive potential of the first two processes is limited and that the impressive extent of local and regional erosion associated with massive chromitites can be best explained by a third mechanism. From our point of view, it seems unavoidable that a large volume of rock was removed through melting and dissolution, with magma superheating appearing to be a necessary condition. If the replenishing magmas had been saturated with some particular mineral (i.e. hot melt at its liquidus), then they would have started to crystallize at once, protecting the floor cumulates from erosion. If the magma contained phenocrysts (i.e. a crystal-rich slurry), these would almost immediately settle to the floor, again isolating it from dissolution. The field relationships thus require replenishing magmas to have been undersaturated in all phases (i.e. to be superheated), otherwise potholes and antipotholes could simply not have been produced.
There are several plausible mechanisms by which magma may become superheated. We believed originally that a major cause of magma superheating is mixing of new magma with the resident melt upon entry into the chamber (e.g. Irvine et al., 1983; Campbell, 1986 Campbell, , 1996 Campbell & Turner, 1986 . However, involvement of magma mixing is problematic because this process predicts abrupt reversals in mineral composition above each layer of chromitite ( Fig. 28 and related discussion), which are not observed (Cameron, 1980; Eales & Cawthorn, 1996; Cawthorn et al., 2005; Mondal & Mathez, 2007) . For this reason, we prefer now a model whereby superheating occurs during rapid ascent of large volumes of magma from depth (so that cooling is negligible), owing to the difference in slope between the adiabatic gradient and the liquidus. This difference is about 3 C km -1 and thus the degree of superheating could be up to 10-30 C for magma ascending from a storage region located at a depth corresponding to a pressure difference of about 10 kbar (an assumed position of a staging chamber at the Moho).
Simple calculations illustrate that erosion of a substantial amount of footwall rocks by melting/dissolution is possible and can be achieved by a melt that is only slightly superheated relative to its liquidus temperature. In particular, we have shown that it would take a maximum of 273 years to regionally dissolve 15 m of floor cumulates by a 388 m thick column of magma that is superheated by 10 C . The cooling of the melt layer by dissolution of footwall rocks is expected to be insignificant (e.g. cooling rate is estimated to be only 0Á013 C a -1 for a 1 km thick layer of melt; Kerr, 1994) , so that even after several hundred years, the magma may still remain superheated. There is thus enough heat available in such a superheated magma to accomplish the required dissolution and, most importantly, during this process it will not crystallize, allowing a continuous direct contact between the superheated magma and the footwall rocks .
Effective dissolution requires the liquid boundary layer to convect away from the surface where melting of footwall rocks is taking place. In the case of melting of anorthositic cumulates, a buoyant melt is released. However, during the melting of orthopyroxenite the magma is predicted to be denser than the overlying melt. Hence the only way dissolution could continue is if the floor was inclined and contaminated magma flowed away downslope. The study by Carr et al. (1994 Carr et al. ( , 1999 on the Merensky Reef potholes does provide evidence for a sloping temporary floor to the chamber of several degrees at the time of the formation of the Critical Zone. There are thus no serious physical obstacles for substantial thermal/chemical erosion of footwall rocks of any composition.
Chromite saturation in mantle-derived basaltic magmas?
Field relationships suggest that after emplacement of a new pulse of superheated magma, it then became saturated in chromite to form layers of chromitite. What could have caused saturation of the magma in chromite? The conventional explanation is that mixing occurred when the new magma was injected into the chamber, which drove the hybrid magma into the field of chromite crystallization (Fig. 28; Irvine, 1977; Irvine et al., 1983) . This hybrid magma did not crystallize chromite immediately, but only after some period of thermal or chemical erosion of footwall rocks to form potholes or antipotholes. As discussed above, the magma mixing concept faces a serious problem with explaining the lack of reversals in mineral compositions above chromitite layers ( Fig. 28 ; Mondal & Mathez, 2007) . We therefore prefer that, for reasons not yet fully understood, some replenishing magma may have become saturated with chromite upon cooling after emplacement into the chamber. Naldrett et al. (2012) were probably the first to propose this hypothesis, but it has not yet received wide acceptance. We would like, therefore, to emphasize its significance for the interpretation of chromitites in layered intrusions.
We are fully aware of the current consensus among igneous petrologists that mantle-derived magmas are unlikely to be saturated in chromite alone. At best, they will be saturated in both chromite and olivine. This is because olivine is a residual phase in the mantle and its stability field expands with decreasing pressure. The emplacement of mantle-derived magma to a higher level will ensure its saturation in olivine, not in chromite. We believe, however, that there must be some important factor lacking in our conceptual models that may result in saturation in chromite, either in the mantle source (e.g. by partial melting of mantle portions enriched in Cr 2 O 3 ) or during magma transportation towards the Earth's surface (e.g. by a reduction in fluid or lithostatic pressure). Our current fragmentary knowledge about the composition of the mantle and the effect of pressure on liquidus phase equilibria in mantlederived magmas does not exclude these possibilities. In support of this idea, one can point to podiform chromitite dykes in the mantle portions of ophiolite complexes. The chromitite dykes are commonly interpreted as accretionary cumulates that crystallized in situ from chromite-saturated basaltic magmas ascending through fractures towards the Earth's surface , 1997 Zhou et al., , 1996 . Irrespective of the exact reasons that triggered chromite saturation, an important implication is that these magmas became chromite-saturated during transportation and before debouching into shallow-level chambers. Recently discovered chromitite dykes in the basal part of the Monchegorsk layered intrusion, Russia have also been interpreted as crystallized from chromitesaturated magma replenishing the evolving chamber (Chistyakova et al., 2015) .
Sulphides in chromitites: a local or bulk saturation of magma in sulphide melt?
Some massive chromitites (e.g. UG1 and especially UG2) contain disseminated sulphides, whereas the underlying and overlying rocks are almost free of sulphides. Traditionally, the close association of sulphides with massive chromitites is explained as being the result of a local saturation phenomenon (e.g. Page, 1971; Buchanan, 1976; Talkington et al., 1983; Teigler & Eales, 1993) . It is believed that the decrease in FeO in the silicate melt around crystallizing chromite crystals may cause local precipitation of sulphide melt (e.g. Bacon, 1989) . The principal problem with this idea is that the formation of massive chromitites, as well as the attainment of high PGE concentrations in sulphides, requires the involvement of an enormous volume of the overlying silicate melt (R-factor ¼ volume of melt/volume of sulphide). The bulk melt is, however, supposed to be sulphide-undersaturated and therefore, any sulphide melt that locally forms in proximity to chromite grains will be re-dissolved during the convective interaction with the overlying magma [see discussion by ].
An alternative suggestion is that the new magma was saturated simultaneously in both chromite and sulphide melt. However, this idea has been criticized on two grounds. A first objection is that the marginal rocks and mafic-ultramafic sills associated with the Bushveld Complex are shown to be poor in sulphur (Barnes et al., 2010; Maier et al., 2013) . This is considered as evidence that the Bushveld parental magmas, including those that produced the Merensky Reef (MR) and chromitites, were strongly undersaturated in sulphide (Barnes et al., 2010; Maier et al., 2013) . This objection is not, however, without loose ends. As is well known, the absence of evidence is not necessarily the evidence of absence, and, therefore, there is always the possibility that additional sampling will find sulphide-rich Bushveld sills. In addition, there is no rule that all the magmas that replenished the evolving Bushveld chamber must have also formed separate sills within the country-rocks. It is possible that some replenishing magmas, such as those that produced the sulphide-rich MR and UG2, have simply never made their way outside the chamber. It is not therefore inconceivable that the remarkable sulphideand chromite-saturated magmas, which produced the MR and UG2 chromitite, are not preserved within the chilled margins or mafic-ultramafic sills in the footwall of the Bushveld Complex.
A second objection is that, if the magma were saturated in sulphides, then there would be no reason (e.g. some peritectic reaction) for sulphides to stop precipitating during any subsequent magma fractionation. This means that they should also occur in the rocks overlying massive chromitites. This objection implies that chromitites and the overlying orthopyroxenites formed from the same parental magma by fractional crystallization. However, we have provided evidence that this is not the case. The chromitites are intensively eroded by hanging-wall orthopyroxenites (Figs 12 and 13), indicating that they formed from compositionally distinct magma pulses. If this is the case, the hangingwall orthopyroxenites may have crystallized from a new magma that was saturated in neither chromite nor sulphide, which would have therefore terminated the formation of sulphide-bearing chromitites. This appears to provide the simplest explanation as to why sulphides and chromite are restricted to massive chromitites and absent from the footwall and hanging-wall rocks, which formed from magmas that were not saturated in chromite and sulphide. A similar explanation has been proposed for the close association of sulphides and chromite in the MR (Latypov et al., 2015a) .
Lack of mineral composition variations across chromitite layers
We propose the following solution for the lack of cryptic variations in mineral compositions across chromitite layers in the Bushveld Complex. All conventional mixing models (Fig. 28 ) assume chambers that were episodically replenished by new primitive magma. In this scenario, the closed-system development of a magma chamber was occasionally interrupted by the injection of a new primitive magma, which mixed with the resident melt to produce a layer of massive chromitite. As a result, the rocks underlying a chromitite layer were produced from evolved resident melt, whereas the rocks overlying it crystallized from a more primitive hybrid magma. This would result in the expected reversals in mineral composition above a chromitite layer (Fig. 28b) . However, this logic is not valid for a magma chamber that was continuously replenished by new primitive magmas that entered as basal flows with little to no mixing with the resident melt. In this case, the rocks both above and below a chromitite layer may have crystallized from new primitive magmas of similar composition, resulting in no cryptic variations across this sequence. In this 'continuous' model, the formation of a chromitite layer itself can be viewed as a transient episode when the replenishing magma happened to be chromite-saturated, probably in response to a relatively slight fluctuation in composition.
There is ample mineralogical, geochemical and isotopic evidence for the development of the Bushveld Complex as a frequently replenished magma chamber. There are several significant reversals in mineral composition, as recorded by increases in Mg# of opx, in the Lower and Critical Zones (Fig. 2) . The reversals record periods when the evolution of the magma in the chamber was dominated by the inflow of primitive magma, which caused minerals to become more primitive upwards. This was followed by more tranquil periods when magma evolution was dominated by intrachamber differentiation, resulting in minerals becoming more evolved upwards. There are also some stratigraphic intervals that record little or no evolution in the chamber, suggesting that replenishment kept pace with fractional crystallization, thus maintaining the magma in the chamber at about the same composition. Importantly, chromitite layers occur in intervals with normal (e.g. LG4-LG6, MG0-MG4), reverse (e.g. LG1-LG3, LG7) and little change in the composition of orthopyroxene (e.g. UG1, UG2) (Fig. 2) , supporting the idea that chromitite formation is related to random fluctuations in the composition of the replenishing magma.
Field observations suggest that many so-called cyclic units in the Bushveld Complex may actually be produced by a sequence of replenishment events, rather than by fractional crystallization of a single pulse of magma (Fig. 24) . One important implication of this conclusion is that orthopyroxenite in some of these units did not form from magma that was parental to the underlying chromitite. These hanging-wall orthopyroxenites instead may have crystallized from a new magma that has no direct relation to the previous event of chromitite formation. The Cr-depleted magma that crystallized chromitites may have been flushed out of the chamber by the inflow of new Cr-undepleted magma that could crystallize orthopyroxenite. Therefore, it is possible that this new magma could have terminated the crystallization of chromite (e.g. Figs 12 and 13) . It is thus little surprise that the minerals in the orthopyroxenite overlying chromitites do not display any evidence of formation from magmas depleted in chromium (e.g. low Cr/Al ratio in orthopyroxene) owing to previous chromitite crystallization (as implied by Mondal & Mathez, 2007) .
To conclude, the similar compositions of minerals above and below chromitites in the Bushveld Complex do not thus preclude their formation from new pulses of primitive magma replenishing the chamber (as argued by Cameron, 1980; Eales & Cawthorn, 1996; Mondal & Mathez, 2007; Cawthorn, 2015) . A continuous, as opposed to episodic, replenishment of the chamber by primitive magma, with little to no mixing with the resident melt in the chamber, can account for the absence of cryptic variations in minerals across chromitites.
High An content of oikocrystic plagioclase in massive chromitites
The high An content of oikocrystic plagioclase indicates that it is not a truly intercumulus phase produced from trapped liquid within massive chromitites. Rather, it suggests that the plagioclase is a heterad mineral; that is, a cumulus phase that has grown in a boundary mushy layer in direct contact with the overlying body of flowing or convecting magma (e.g. Campbell, 1968; Barnes et al., 2016) . Plagioclase of such cumulus composition may only form close to a cumulate-liquid interface, because interstitial melt needs to freely communicate with the overlying magma. The plagioclase composition is thus indicative of chromitite crystallization at the chamber floor, rather than deep in the crystal mush (Figs 29-32) , where active mass exchange of the interstitial liquid with the overlying magma would simply be impossible. Veksler et al. (2015) suggested an alternative interpretation where the An-rich oikocrystic plagioclase within chromitite crystallized from an interstitial liquid that was depleted in Na, owing to its selective diffusion into the overlying magma and underlying cumulate pile. The interpretation still implies, however, that massive chromitites must form directly on the chamber floor.
Interpretation of complex field relations in one underground exposure with massive chromitites Of all the exposures described in this study, the one in Fig. 20 is arguably the most informative and therefore deserves separate consideration. Based on the above analysis, the following sequence of events can be envisaged as responsible for the complex field relations of this exposure. The loading associated with entry of new magma into the chamber (e.g. Carr et al., 1994 Carr et al., , 1999 has resulted in the rupturing of the chamber floor, composed at that time of a domal structure with anorthosite-chromitite layering (Fig. 35a) . The initial fracture represents a weakness that was then exploited by thermal/chemical erosion in association with a convecting superheated melt to form a subcircular pothole (Fig. 35b) . Upon concomitant cooling, the melt became saturated in chromite that started crystallizing in situ, draping over all irregularities on the chamber floor, even where it was steeply inclined to subvertical. This produced the uppermost UG1 chromitite that overlies the erosional surface of the domal structure (Fig. 35c) . As a result of internal fractionation, the resident melt became saturated in chromite and orthopyroxene and crystallized into chromite-bearing orthopyroxenite overlying the UG1 chromitite (Fig. 35d) . A subsequent replenishment of the chamber by a new pulse of superheated melt resulted in local erosion of the chromitebearing orthopyroxenite to form another pothole on the top of the previous one. In this particular case, the erosion appears to have been arrested at the level of the UG1 chromitite (Fig. 35e) . In response to cooling, this new melt again started crystallizing in situ to form first a thin chromitite seam that is especially well seen along the vertical to overturned portions of the orthopyroxenitic sidewalls of a second pothole (Fig. 35f) . Internal fractionation resulted in subsequent saturation of the resident melt in chromite and plagioclase, resulting in crystallization of the chromite-bearing anorthosites (Fig. 35g) .
Thick versus thin layers of massive chromitites: the same or different origin?
Some petrologists believe that the origins of thin chromitite seams such as those associated with the Merensky Reef and thick layers of massive chromitite are two entirely different stories. Thin chromitite seams are interpreted as reaction rims produced in situ by partial melting of orthopyroxene-rich cumulates (e.g. Lee et al., 1983; Nicholson & Mathez, 1991; Mungall, 2014) rather than by direct crystallization from chromitesaturated magma. In contrast, thick chromitites are attributed to gravitational accumulation of chromite from the overlying melt or crystal-rich slurry on the chamber floor. We do not see compelling reasons for this assertion. Field relations of thin chromitites in this study (Figs 20b and 21b) and those of the Merensky Reef (Latypov et al., 2015a with host rocks are essentially identical to those of thick massive chromitites (Fig. 24) . Both varieties of chromitite (1) can develop on vertical to overturned sidewalls of potholes, (2) may occur as undercutting varieties of reefs, and (3) can be truncated by overlying rocks. In addition, both thin and thick chromitites can be equally well enriched in disseminated sulphide and PGE. As an illustration, the field relationships of UG1/UG2 chromitites with their footwall and hanging-wall rocks are very similar to those of the Merensky Reef (Latypov et al., 2015a . This provides support for the opinion (e.g. Irvine & Sharpe, 1986 ) that the chromitite of the Merensky Reef can essentially be regarded as the UG4 chromitite. This also suggests that there are no substantial differences in the origin of the UG1/UG2 and Merensky Reef chromitites; that is, they are essentially products of the same process, which we interpret to be basal replenishment of the chamber by chromite-saturated magmas. It should be noted that an alternative interpretation of Merensky Reef chromitites as reaction rims (e.g. Nicholson & Mathez, 1991) is not compatible with Fig. 35 . Our interpretation of the progressive stages that resulted in the formation of the underground exposure of the UG1 unit in Fig. 20 . The key idea is that the complex transgressive relationships between rocks are due to superimposition of one erosional pothole over another. It should be noted that the uppermost UG1 chromitite and thin chromitite seams are developed on subvertical to overhanging portions of pothole sidewalls. (See text for discussion.) several field observations as discussed in detail elsewhere . We do accept, however, that some thin chromitite seams of the Bushveld Complex may be of a different origin. For instance, Scoon & Costin (2016) have recently presented an interesting case of a thin chromitite from the Upper Critical Zone with a highly unusual, non-magmatic mineralogy (e.g. corundum and plagioclase of pure anorthite composition). It is not inconceivable that this one can indeed be of restitic origin; that is, produced by partial melting of orthopyroxene-rich rocks (Scoon & Costin, 2016) .
In situ crystallization model for origin of massive chromitites
Our novel hypothesis (Fig. 36) envisages that the magma chamber of the Bushveld Complex developed via in situ crystallization of a basal layer of vertically stratified magma, produced by previous events of magma chamber replenishment (Fig. 36a) . The possibility for the existence of such a basal stratified layer in the Bushveld Complex was previously postulated by several researchers (e.g. Campbell et al., 1983; Irvine et al., 1983; Naldrett et al., 2012) and has been most recently inferred from lateral variations in plagioclase Fig. 36 . Our hypothesis for the origin of the Bushveld chromitites by in situ crystallization from a basal layer of chromite-saturated melt. There is a basal layer of vertically stratified magma produced by previous events of magma chamber replenishment. At the base the magma crystallized chromite-bearing orthopyroxenite [along a path Y-Z in (f)]. Then at some point (a, b), a dense, primitive and superheated magma entered the chamber and spread across the floor of the chamber as a basal layer beneath a column of stratified magma. The superheated magma caused thermochemical erosion of cumulates at the temporary floor of the chamber (c), developing potholes and antipotholes with associated sheet-like cavities within the footwall rocks (shown out of scale). On cooling, the magma crystallized chromite (6 sulphide) [along a path X-Y in (f)] on the irregular erosional surface (d), developing normal, potholed and overturned chromites, as a first chromitite sublayer. Chromite and droplets of sulphide melt scavenged PGE from a large volume of magma that was continuously brought to the crystal-liquid interface by convecting magma. This allows the chromite and sulphide melts to equilibrate with a large volume of basaltic magma. Repetition of this sequence of events resulted in the formation of several sublayers of chromitite that collectively appear to be a single thick layer of chromitite, with or without thin partings of silicate rocks. Slight fluctuations in the composition of the inflowing magma during these events gave rise to texturally and compositionally different sublayers. At some point (e) the chamber was replenished by pulses of orthopyroxene-saturated magma that were not in thermal/chemical equilibrium with the chromite cumulates. This resulted in the termination of chromite crystallization and the partial erosion of chromitites followed by crystallization of orthopyroxene [again along a path Y-Z in (f)]. It should be noted that cryptic variations in the orthopyroxenites above and below chromitite are lacking because they crystallize from compositionally similar magmas evolving along the same path Y-Z in (f).
composition by Cawthorn et al. (2016) . The formation of orthopyroxenites that comprise a layer of massive chromitite is attributed to a series of pulses of dense and primitive magma replenishing the chamber. Owing to rapid, adiabatic, ascent from depth, the batches of magma were superheated. The magmas were also denser than the stratified magma and entered the chamber with little to no mixing with this magma, rapidly spreading across the floor of the chamber as basal layers (Fig. 36b) . These superheated magmas were highly reactive and caused intense melting and dissolution of the floor cumulates, both regionally and locally, forming an igneous unconformity with remnant hillocks (antipotholes) and sub-circular depressions (potholes), with associated sheet-like cavities within the footwall rocks (Fig. 36c) . Upon cooling in the chamber, the magmas principally crystallized chromite-bearing orthopyroxenite (along a path Y-Z in Fig. 36f ). Some batches of magma were, however, saturated in chromite as the first liquidus phase (6 sulphide melt) and were therefore able to crystallize layers of chromitite (along path X-Y in Fig. 36f ). The chromite crystallized in situ; that is, directly on the magma-cumulate interface (Fig. 36d) because heterogeneous nucleation on pre-existing crystals is a kinetically favourable process (e.g. Campbell, 1996) . This resulted in chromitite layers draping all topographic variations in the chamber floor including where it was steeply inclined or even overhanging. In situ crystallization of the chromite-saturated melt in sheet-like cavities from a large volume of fresh magma delivered there by thermal/compositional convection from potholes produced the chromitite protrusions (or undercutting chromitites) within the footwall rocks.
During this process chromite crystals and droplets of sulphide melt acted as effective concentrators of PGE. As they grew in situ they scavenged PGE from the magma that was being continuously circulated at the crystallization front by thermal and compositional convection in the basal magma layer. This allowed the chromite crystals and sulphide droplets to equilibrate with a large volume of basaltic magma and become highly enriched in PGE. Two factors were crucial in producing the high concentrations of PGE: the partition of PGE into chromite and sulphide melt (up to 10 6 for sulphides; Fonseca et al., 2009; Mungall & Brenan, 2014) and vigorous convection in the basal layer (km a -1 to km day -1 ; Morse, 1986) . The rate of convection is generally 10 5 -10 7 times higher than that of solidification, which is only in the range of 0Á5-1Á0 cm a -1 in slowly cooled magma chambers (Morse, 1986) . As a result, droplets of sulphide liquid could come into equilibrium with magma 10 5 -10 7 times their own volume. Droplets of sulphide liquid or chromite crystals growing at the crystal-liquid interface had an almost unlimited access to fresh, undepleted magma, necessary for their effective growth and effective scavenging of PGE. Numerical modelling of this process has confirmed that high concentrations of PGE (several ppm) can be achieved in chromite-and sulphide-bearing cumulates crystallizing in situ at the crystal-liquid interface .
The origin of thick layers of chromitite is attributed to multiple replenishment events, each bringing dense primitive magmas into the chamber. On cooling, every batch of new primitive magma crystallized chromite (6 sulphide melt) to develop an individual chromitite sublayer. Each inflow of superheated magma resulted in melting and dissolution, in most cases fully, of any partings of anorthosite and orthopyroxenite that had crystallized on a chromitite sublayer from the previously emplaced magma. This long sequence of events resulted in the observed thick chromitites that are composed of several texturally and compositionally distinct sublayers. Columns of basaltic magma several kilometres thick in total must have been processed to produce a 1 m thick layer of UG2 chromitite (e.g. Campbell & Murck, 1993; Naldrett et al., 2012) . At some point in time the chamber was replenished by pulses of new magma that were neither saturated in chromite, nor in thermal or chemical equilibrium with footwall chromite cumulates. This resulted in the termination of chromite crystallization and the partial erosion of chromitites followed by crystallization of orthopyroxene (again along a path Y-Z in Fig. 36f ). This explains why chromite (6 sulphides) is commonly restricted to chromitite layers and rare to absent from the footwall and hanging-wall rocks, which formed from pre-and postchromitite magma not saturated in chromite (6 sulphide melt). The crystallization of rocks above and below chromitite layers from magma of the same compositional range (along a path Y-Z in Fig. 36f ) that continuously replenished the chamber without much mixing with resident stratified melt accounts for the lack of cryptic variations in these layers ( Fig. 36e and f) . The explanation implies that the path Y-Z constitutes only a small amount (say, less than 1%) of fractional crystallization of the melt. Under this assumption, the composition of orthopyroxene in the sequence would remain much the same, because cumulates above and below chromitite layers will start crystallizing from melt of similar composition Y (Fig. 36f) .
It should be noted that most aspects of our hypothesis have been employed by various previous models for the origin of layered intrusions and associated deposits, but none appears to have used them in such a combination. The aspects involved are as follows: (1) superheated melt (e.g. Irvine et al., 1983; Campbell, 1986 Campbell, , 1996 ; (2) basal emplacement of the melt along the chamber floor (e.g. Campbell & Murck, 1993; Scoon & Teigler, 1994; Naldrett et al., 2012) ; (3) magma stratification in the chamber (e.g. Campbell et al. 1983; Irvine et al. 1983; Naldrett et al., 2012; Cawthorn et al., 2016) ; (4) thermal/chemical erosion of pre-existing floor rocks by new magma (e.g. Campbell, 1986 Campbell, , 1996 Eales et al., 1988; Viljoen, 1999; Viring & Cowell, 1999; Smith et al., 2003) ; (5) saturation of melt in chromite upon emplacement into the chamber (Naldrett et al., 2012; Chistyakova et al., 2015; Yudovskaya et al., 2015) ; (6) in situ crystallization along the chamber floor (e.g. Campbell, 1978 Campbell, , 1996 McBirney & Noyes, 1979; Wilson & Larsen, 1985; Jaupart & Tait, 1995; Namur et al., 2011; ; (7) scavenging of PGE by in situ growing sulphide droplets/chromite from convecting melt in the chamber (Latypov et al., 2008 (Latypov et al., , 2015a . The strongest aspect of our novel model is arguably a concept of in situ crystallization of massive chromitites for which we have reported, for the first time, compelling field evidence in the form of chromitite developing along steeply inclined, subvertical to overhanging sidewalls of potholes (Figs 14a, .
CONCLUSIONS
This study suggests that basic field relationships provide the simplest and most straightforward way to resolve petrological controversies. In particular, field relationships indicate that chromitites in the Bushveld Complex formed from magma emplaced along the floor of the chamber, from which crystallization took place essentially in situ, on the magma-cumulate interface. The irrefutable field evidence for this proposition is the development of chromitite along the subvertical to overhanging sides of potholes. This simple, but fundamental observation per se disproves all models for the origin of chromitites in layered intrusions that require gravity-controlled sedimentation of chromite. The study also suggests that the conventional appeal to various internal processes to saturate resident or hybrid magmas in chromite may be, in fact, unnecessary. As an alternative, we propose that some basaltic magmas may arrive in a magma chamber already saturated in chromite (after some cooling) and it is these magmas that produce chromitites in layered intrusions (Naldrett et al., 2012; Chistyakova et al., 2015; Latypov et al., 2015a; Yudovskaya et al., 2015) . Their saturation in chromite may be acquired either directly in the mantle source or during transportation towards the Earth's surface. What exactly is responsible for chromite saturation of replenishing magmas is a pressing issue to be resolved in the future.
Based on the above premises, we advance a novel hypothesis for origin of chromitite in the Bushveld Complex that involves the following sequence of events: (1) new dense, superheated magmas replenished the chamber with little to no mixing with the stratified melt in the chamber; (2) the magma spread out laterally along the floor of the chamber and caused intense thermochemical erosion of the floor cumulates, resulting in an igneous unconformity; on cooling, most of these magmas crystallized orthopyroxenite cumulates; (3) some batches of magma were, however, chromite-saturated and, after cooling, crystallized chromite directly on the chamber floor, draping all irregularities produced by the previous erosion; (4) chromite and sulphide droplets that grew directly at the crystal-liquid interface extracted PGE from a large volume of fresh magma delivered to the base of the chamber by vigorous flow or convection in the basal layer; (5) formation of chromitite occurred through prolonged replenishment of the chamber by chromite-saturated magmas, which caused multiple cycles of thermochemical erosion of pre-existing cumulates, followed by in situ crystallization of chromite on the chamber floor; this resulted in the formation of thick layers of PGE-rich chromitite that consist of several sublayers with distinct textural and compositional characteristics; (6) the formation of chromitites was commonly terminated by the emplacement of pulses of new magma that were not saturated in chromite and therefore resulted in local thermal or chemical erosion of the chromitites with subsequent deposition of hanging-wall orthopyroxenite. Thus, chromitites are both underlain and overlain by cumulate rocks produced from magmas that replenished the chamber. These rocks developed from magmas that were similar in composition and therefore lack cryptic variations in mineral composition above and below the chromitite layers. This scenario appears to be conceptually the simplest and physically most plausible explanation for origin of thick chromitites in the Bushveld Complex and we infer that these processes can be extrapolated to chromitites in other mafic-ultramafic layered intrusions.
